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ABSTRACT
Identifications of optical counterparts of the weaker, hard (>2 keV) HEAO-1 X-ray 
sources continue to be made. In this thesis results are presented of some of this work, 
with particular emphasis on the follow-up studies of the Galactic sources. An overview of 
the identification process, including the justification, aims, and methodology is given. A 
brief historical discussion of other X-ray surveys puts the HEAO-1 mission in 
perspective; it is the most recent deepest flux limited, unbiased all-sky survey in the 2-10 
keV region. The importance of this survey in both the study of newly identified sources, 
and a wider statistical analysis of the various classes of optical counterpart is highlighted. 
To date there are -500 optical identifications covering all classes, from nearby stellar 
sources to extragalactic objects, and the projected number of identifications is expected to 
exceed -600 by the time the final catalog of counterparts is completed in 1990.
Whereas this thesis is primarily concerned with the Galactic sources, the most 
populous single source of optical counterparts are the active galactic nuclei. A short 
presentation is given of some initial results in this area.
Results of identifications of bright star counterparts, which include both the Be X-ray 
binary and RS Canum Venaticorum classes, are presented. For the latter it is shown that 
the usually variable, hard X-ray emission is likely to be a result of enhanced Solar-like 
flaring activity.
The bulk of the work presented in this thesis is the identification and studies of X-ray 
emitting cataclysmic variables. Detailed optical, and some X-ray observations are 
presented of three such systems. One of these 1H0542-407, is shown to be a DQ 
Herculis (or intermediate polar) magnetic variable, with a wealth of optical and X-ray 
periodicities. These can be explained in terms of the orbital sidebands, with the dominant 
optical period arising from X-ray reprocessing on the secondary star or accretion disk 
bulge. Reflection of the harder X-rays (>2 keV) also occurs in this region. Radial velocity 
variations are seen at both the orbital and spin periods, the latter interpreted as 
magnetospheric disruption of the inner regions of the accretion disk. Similar velocity 
variations, on a longer timescale, are also seen in H0534-581, which is also proposed to 
be a DQ Her system, although the X-ray pulsations are much weaker.
Finally the serendipitouslv discovered nova-like cataclysmic variable, LB 1800, which 
is identified with the transient X-ray source 4U0608-49, is discussed. This binary is a 
reasonably bright (V-13.5) deep eclipsing (AV-3) system with a relatively long orbital 
period (-5.6 h). Both the emission line and continuum eclipses have similar morphology, 
and in particular widths, indicating the radial extent of both emitting regions is equal.
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CHAPTER 1
Introduction
1.1 A Short History of X-ray Astronomy
The study of cosmic X-ray sources extends back to the early 1960s when an X-ray 
experiment (sensitive to X-rays £ 3 keV) flown on a sounding rocket identified the first 
extra-solar X-ray source, Sco X-l (Giacconi et al. 1962). It was not until a lunar 
occultation of the Crab Nebula was observed by an X-ray experiment that the first optical 
identification was made (Bowyer et al. 1964). Further rocket flights were supplemented 
by balloon borne X-ray experiments (eg. Clark et al. 1965) which extended both the 
observation times (from minutes to hours) and spectral coverage (to -  50 keV).
The next major step came with satellite observations which established the temporal 
nature of X-ray sources: most were persistent, while some, the transient sources, showed 
extreme variability (by over an order of magnitude). Launched in 1970, Uhuru completed 
the first all-sky survey in the energy range 2 to 10 keV. The final Uhuru catalog (4U; 
Forman et al. 1978) contains 339 sources to a flux limit of 1.1 pJy (~2-6x 10' 11 ergs cm-2 
s '1 keV '1 at 5.2 keV). A similar survey was conducted by Ariel V during its 5 1/2 year 
lifetime, and the resulting two catalogs for the Galactic plane (|b| < 10°; Warwick et al. 
1981) and higher latitudes (|b| > 10°; McHardy et al. 1981) contain a total of 109 and 142 
sources respectively.
With the advent of more sophisticated X-ray instruments, the positional uncertainties 
of many X-ray sources (the error boxes) were reduced from the typical > 0.5 degrees2 to 
the order of several arcminutes2. Initially one such device, the modulation collimator, 
(Oda 1965), was used in the early rocket days to identify the optical counterpart of Sco 
X-l (Sandage et al. 1966). A version of this instrument, the rotating modulation 
collimator, was used on both the Ariel V (1974 to 1979) and SAS III (1975 to 1979) 
satellites. Pointed observations by these satellites of the brightest X-ray sources resulted 
in the most precise positions yet obtained (£ 60 arcseconds). Thus X-ray astronomy had 
entered the era at which radio astronomy had been 15 to 20 years previous, and for the 
first time it was possible to routinely identify the optical counterparts of many X-ray 
sources.
Finally the first of NASA's High Energy Astronomy Observatories, HEAO-1, whose 
mission extended from 1977 to 1979, provided the most recent, complete all-sky survey 
to an even greater sensitivity limit of -0.22 |iJy (-5.3 x 10'13 ergs cm-2 s_1 keV'l at 5.2 
keV). This satellite surveyed the entire celestial sphere a total of three times with a variety 
of instruments (described in the next Chapter). The most sensitive, the Large Area Sky 
Survey experiment (LASS or Al) detected 842 sources above the threshold limit during its 
first completed survey (Wood et al. 1984) of the sky.
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A new era in extra-solar X-ray astronomy began with the launch of HEAO-2, 
renamed the Einstein Observatory and the introduction of the first real satellite borne X-ray 
telescope using grazing incidence focussing, which produced X-ray images of several 
arcseconds resolution. While Einstein's sensitivity to softer X-rays (0.2 - 4 keV) was 
-100 times better than any previous satellite, the small field of view and the pointed nature 
of the satellite meant that only -3% of the sky was observed dinings its lifetime (1978 - 
1981).
Since Einstein there have been several other satellite missions (JEXOSAT) of similar 
sensitivity to Einstein. However the HEAO-1 database is still the most recent, unbiased 
and flux limited all-sky survey of cosmic X-ray sources, and will remain so until the 
completion of the ROSAT survey, due to begin after its launch in 1989.
1.2 Optical Counterpart Identifications: Their Scientific Value
The improved accuracy in positions of X-ray sources, initiated by the introduction of 
modulation collimators, led to the discovery of many optical counterparts of X-ray 
sources, particularly the brighter ones (in X-rays). By 1978 there were 58 identifications 
of bright, hard (> 2 keV) Galactic (including those in the Magellanic Clouds) sources 
(Bradt, Doxsey and Jemigan 1979). In these pioneering days of optical identifications, 
the sources were 10-200a X-ray detections, with often unique and small error boxes 
achieved by combining results from several different satellites. Usually the optical 
counterparts were sufficiently unusual, or rare, to enable a secure identification. 
Examples of such characteristics, later established to be common amongst many sources, 
were emission lines in the spectra and/or an ultra-violet colour excess. The typical -30" 
error boxes which modulation collimators produced often contained only a few stars (at |b| 
> 20°) to a magnitude limit of V -  18 (Margon 1981). If a unique modulation collimator 
error box could be determined, then a study of all the optical objects within the error box 
was still feasible in securing a candidate as an optical counterpart. By 1981 November, 
there were -95 optically identified Galactic sources (Bradt and McClintock 1983), many 
discovered as a result of the HEAO-1 and Einstein missions. Piccinotti et al. (1982) 
reported -100 extra-galactic identifications at |b| > 20° from results of the HEAO-1 A2 
experiment.
The advances in our current understanding of the nature of cosmic X-ray sources has 
come about in large part from their study at other wavelengths, particularly optical. While 
the X-ray detections reveal a source's existence, and may provide some information 
regarding the nature of the high energy emission (for example its spectrum and 
variability), a comprehensive knowledge of the physics of the source itself, or even just its 
class, requires optical observations. The prerequisite for such optical (and UV, infra-red 
and recent X-ray) studies is an accurate position for the source. In a complete, flux 
limited survey such as HEAO-1, the optical counterparts will tend to be the brighter and
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thus the most intrinsically luminous and/or closer sources, compared to those 
serendipitously discovered by pointed X-ray telescopes (eg. Einstein and EXOSAT), and 
therefore the HEAO-1 counterparts are likely to be more amenable to optical and radio 
studies. This aspect renders the HEAO-1 sources to be of wide ranging interest to the 
astronomical community.
1.3 X-ray Source Classes
The following discussion is centred on the variety of classes of optical counterparts 
which have so far been identified with HEAO-1 Modulation Collimator (ie. point source) 
X-ray sources. Extended sources (eg. Supernovae Remnants) are therefore left out of this 
discussion.
1.3.1 Galactic Sources
The optical counterparts of the Galactic X-ray sources cataloged by Bradt and 
McClintock (1983) fall into several categories. The massive X-ray binaries (MXB), Be 
X-ray binaries, and low mass X-ray binaries (LMXB) all involve accretion onto a neutron 
star, or in a few cases, possibly a black hole. Binaries with accreting white dwarfs are the 
cataclysmic variables (CVs), of which many are X-ray sources to a greater or lesser 
degree. Finally, the relatively close chromospherically and coronally active stars have also 
been found to be X-ray sources.
In all of the accreting binaries the X-ray luminosity is thought to arise from the 
gravitational potential energy of the accreted gas, whose source is the relatively normal 
companion. This energy is released near the surface of the accreting star and sometimes 
also in an accretion disk. This disk is formed in the orbital plane due to momentum 
conservation of the accreted material. The amount of energy released in the accretion 
process, the accretion luminosity, is dependent upon the mass and size of the accretor, and 
the rate of mass accretion. In the case of a semi-detached binary, the mass transfer 
process is via Roche lobe overflow (hereafter RLOF), where material passes from the 
'normal' companion through the inner Lagrangian point (Lj), and onto the neutron star / 
white dwarf. Accretion from the stellar wind of a massive, ealy type, detached companion 
is also often an important source of X-ray emission. The neutron star systems (and black 
hole candidates) are the most luminous of the Galactic X-ray sources, due to their deep 
gravitational potential wells. Many of them have been found to be pulsing X-ray sources 
(X-ray pulsars), explained in terms of a rapidly rotating neutron star. A number of these 
X-ray bright systems have been identified with early type, intrinsically luminous stars (Mv 
< 0), at large distances (> 1 kpc). These massive stars (typically £ 20Mo ) are the 
semi-detached companions of accreting neutron stars in relatively close binaries with 
orbital periods of the order days to a week. The dominant source of the optical luminosity
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in these systems is the early type companion, and its optical spectrum is hardly affected by 
the presence of the neutron star, or the emitted X-rays. The ratio of the X-ray to optical 
luminosity in these systems (Lx / Lopt) is in the range ~10'5 to -10 (Bradt and McCiintock 
1983). Amongst these luminous X-ray sources identified with a massive early type 
optical counterpart is the first black hole candidate, Cyg X-l (Sandage et al. 1966).
Systems related to the MXBs, and probably far more numerous (eg. Rappaport and 
Van den Heuvel 1982), are the Be X-ray binaries. These systems are thought to contain 
generally lower mass primaries (Rappaport and van den Heuvel 1982, Corbet 1986), £ 20 
M 0 , in wider, longer period (-weeks to years), possibly elliptical orbits. As a 
consequence, the primaries are well detached from their critical potential surfaces, and 
consequently do not continuously transfer matter via RLOF. The primaries exhibit Be 
characteristics (eg. Slettebak 1988), namely Balmer emission lines indicating evidence of 
equatorial mass loss due to rapid rotation. It is thought that the usually persistent weak 
X-ray flux is produced by pseudo-radial accretion of the stellar wind material produced by 
the Be star. Most of the previously identified Be X-ray binaries are transient X-ray 
sources; ie highly variable. This may be due to episodes of increased accretion rate as a 
result of RLOF of expelled material from the Be star (van den Heuvel and Rappaport 
1986) as the primary approaches periastron, or intermittent stellar wind accretion (Stella, 
White and Rosner 1986). Both the Be X-ray binaries and the MXB systems are located 
close to the Galactic plane, with other young stars.
The last class of bright X-ray sources involving accreting neutron stars are the low 
mass X-ray binaries (LMXB), where the mass donor star is generally < 2M0 . Here 
RLOF is thought to be the mass transfer process, again resulting in a large X-ray 
luminosity (of the order 1036 to 1038 ergs s*1 in the 2 - 10 keV range; Margon 1981) 
similar to the MXB systems. However, since the mass losing star is much less massive, 
it is some 5 to 10 magnitudes fainter than the early type companion of a MXB, at B £ 18 
for similar distances of the order kiloparsecs, ignoring absorption. The dominant source 
of the optical luminosity in these systems appears to be the accretion disk. The Lx / Lopt 
ratios for LMXB systems are therefore much higher, ranging from 10 to 104. Correlated 
X-ray and optical variability is a characteristic of some LMXs (Grindlay et al. 1978, 
McCiintock et al. 1980), which has been interpreted as evidence for the same underlying 
process responsible for the continuum emission from the X-ray to the optical. Sco X-l is 
the archetypical LMXB, and there are many such systems, many unidentified, in the 
region of the Galactic bulge. Their spatial distribution implies that they are considerably 
older (Pop II) than their more massive relatives, the MXBs. These two well defined 
groups of bright X-ray emitting neutron star accretors represent a bifurcation in the mass 
function, namely masses £ 20Mo and £ 2M0 respectively for the mass losing star in the 
MXB and LMXB. This distribution is exactly what is predicted from theoretical mass 
transfer mechanisms (van den Heuvel 1986).
The final group of accreting binaries identified with X-ray sources are the cataclysmic
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variables. These systems generally have a low mass red dwarf (£ 1M0 ) losing material 
through RLOF to a white dwarf. They also have short orbital periods, usually < 1 day, 
and are characterised by low luminosity X-ray emission (Lx < 1034 ergs s '1; eg Cordova 
and Mason 1983) and Lx / Lopt of <10, and usually < 1 for the non-magnetic systems. 
They are therefore relatively close (—100 - 500pc), and most are rather weak X-ray 
sources. Accretion disks are the major source of the optical luminosity in the weak or 
non-magnetic majority of CVs, and can account for half the total accretion luminosity. In 
the magnetic systems, where the accretion disks may be partially or completely 
non-existant, the magnetically confined accretion process releases a large fraction of the 
accretion luminosity in the form of a hard (kT > 10 keV) thermal bremsstrahlung 
component.
While the Einstein Observatory showed that virtually all stars were X-ray emitters at 
some level (eg. Vaiana et al. 1982), the majority are not detected at the flux limit of the 
HEAO-1 instruments, unless they are very close. The exceptions are the 
chromospherically and coronally active binaries: the RS Canum Venaticorum systems, and 
related objects. In these systems their late-type primaries, usually G-K sub-dwarfs, 
exhibit enhanced coronal X-ray emission (usually in the soft X-ray region) with 2 to 10 
keV luminosities between ~1028 and 1032ergs s_1 (Charles et al. 1980). These systems 
show Solar-like activity (starspots, plages, radio to X-ray flares) at levels several orders 
of magnitude higher than on the Sun. The only single reliable optical signature of such 
activity is chromospheric emission of Call H and K (at M.3968 and 3933 respectively), 
the strength of which is correlated with the quiescent soft X-ray flux from the corona (eg 
Mewe et al. 1981, Schrijver 1983, 1985).
1.3.2 Extra-Galactic Sources
Apart from clusters of galaxies, all extra-galactic X-ray sources can be sub-grouped 
into Seyfert galaxies (I and II), possibly related quasi-stellar objects (QSOs), and the BL 
Lacertae objects. All three of these are generally referred to as Active Galactic Nuclei 
(AGN), and finally other emission line galaxies (eg Liners) and 'normal' galaxies (without 
emission). Whilst some normal galaxies have been detected as X-ray sources, they are in 
general below the flux limit of the HEAO-1 survey. The more sensitive Einstein Medium 
Sensitivity Survey (EMSS; Gioia et al. 1988) covers some 780 degree2 of sky, but only 
detects 16 normal galaxies compared to 375 AGN. For some time AGN have been 
established as an important class of X-ray source (Elvis et al. 1978, Tananbaum 1978), 
and are the most populous of the 693 EMSS identifications. The AGN have indeed 
proven to be the most common optical identification of the weak HEAO-1 sources, while 
at the same time are 10-100 times brighter than the Einstein serendipitous sources 
(Remillard et al. 1986).
Both the optical and X-ray continua of AGN show basic similarities indicative of a
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non-thermal origin. The increased flux in the optical-UV domain (with respect to the 
power law continuum), the UV bump', which is often observed in X-ray selected AGN, 
has been interpreted as a thermal component, possibly arising from an accretion disk 
(Malkan 1983). In addition, the optical and X-ray fluxes seem to be correlated (Kriss et 
al. 1980, Reichert et al. 1982), providing evidence of a single non-thermal spectrum. 
Their optical continua are typically flat, or resemble a power law rising into the UV. 
These continua could either be produced in a Compton or synchrotron process, or 
alternatively could be the low energy tail of a thermal process. At least in the case of BL 
Lac objects, the synchrotron self-Compton model (Jones et al. 1974a,b), in the relativistic 
regime, appears to be consistent with the observed featureless power law spectrum (Urry 
and Mushotsky 1982, Madejski and Schwartz 1983).
Clusters of galaxies are the remaining important class of extra-galactic X-ray sources 
which continue to be identified with HEAO-1 sources (eg. Schwartz et al. 1980). The 
spatially extended X-ray emission generally comes from the hot, diffuse intra-cluster gas, 
and is sometimes centrally concentrated, which has been explained in terms of cooling 
flows (Schwartz et al. 1989). The detection of such extended sources has been 
serendipitously facilitated by the design of the HEAO-1 modulation collimator experiment, 
which can differentiate between point sources (^ 30") and marginally extended sources (£ 
2', £ 30").
1.4 Overview of the Thesis
This thesis is a direct result of a collaboration between astronomers at MIT, CfA and 
MSO to identify the weaker, harder (£ 2 keV) HEAO-1 X-ray sources. The overall 
identification program was co-ordinated by Dr. Remillard (MIT), who was instrumental in 
setting up the collaboration. The early phase of the author's involvement was in the 
optical identification program for the southern sources. In Chapter 2 a brief review of the 
HEAO-1 mission and its experiments is given. Also presented is a more detailed 
discussion of the modulation collimator (MC) experiment, and its database, which is the 
cornerstone of the identification program. Examples are given of the major initial 
discoveries provided by this instrument. The next part of Chapter 2 concentrates on the 
weak source population: its taxonomy, importance, and the methods used in attempting to 
locate and confirm the optical counterparts.
In the following short chapters (3 & 4), a summary of some results from the 
collaboration, in which the author has contributed, are presented. These include 
identifications of AGN sources and Be X-ray binaries, published in Remillard et al. 
(1986) and Tuohy et al. (1988), respectively. The former represents a field in which the 
author has only had a peripheral involvement, since the major research presented in this 
thesis deals with the Galactic X-ray sources.
As stated, the main thrust of this thesis has been the follow-up studies, mainly at
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optical wavelength, of the newly identified Galactic X-ray sources; in particular CVs and 
RS CVn-like systems. Chapter 5 contains a detailed published paper on three new RS 
CVn-like objects (Buckley et al. 1987)
In the next three Chapters (6, 7 & 8), three papers are presented which deal with the 
initial discovery as well as X-ray (EXOSAT) and optical observations of two new CVs, 
1H0542-407 and 1H0534-581 (Tuohy et al. 1986; Chapter 6). Detailed follow-up studies 
of these two objects, including further observations and modelling, are presented in the 
next two chapters (7 & 8). Chapter 7 deals with 1H0542-407, confirmed as a DQ 
Herculis system (or intermediate polar) exhibiting a rich spectrum of optical and X-ray 
periods. The chapter is a lengthened version of a paper, recently submitted to the 
Astrophysical Journal (Buckley and Tuohy 1988a). The other object, 1H0534-581, 
another likely DQ Her system, is discussed in Chapter 8, which is the submitted version 
of another Astrophysical Journal paper (Buckley and Tuohy 1988b).
Chapter 9 is based on a short discovery paper, submitted to the Astrophysical Journal 
(Letters), concerning a serendipitously discovered CV, identified with a HEAO-1 source 
is presented (Buckley et al. 1988). Additional data and interpretation are also presented, 
which will form the basis of a future publication.
Finally, in the last Chapter we summarize results of the on-going collaborative effort 
to identify the remaining HEAO-1 sources, and present a table containing the numbers of 
current identifications (as at 1988 September) of the various source classes. The major 
conclusions of the earlier chapters involving the follow-up studies of the Galactic sources 
are also summarized.
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CHAPTER 2
Optical Counterparts of the HEAO-1 Sources
2.1 The HEAO-1 Mission
HEAO-1 was launched in 1977 August with the aim of surveying the entire sky in 
X-rays. It completed almost three such surveys, as well as some pointed observations, 
before its re-entry in 1979 January. The satellite was put into a circular orbit at an altitude 
of -432 km, completing one Earth orbit every -90 m. During the sky survey mode of the 
mission, which accounted for -75% of HEAO-l’s lifetime, the satellite was spun, with a 
period of -30 m, around an axis (the z-axis) which was kept pointing towards the Sun. 
The four experiments onboard HEAO-1 were mounted in the x-y plane of the satellite, and 
scanned a great circle strip of the celestial sphere during each rotation. Since the spin axis 
was kept pointing at the Sun, the Earth's orbital motion meant that the viewing circle 
continuously rotated about the ecliptic poles, resulting in the surveying of a complete 4k 
steradians of sky every six months.
Four experiments were mounted on opposite sides of the spacecraft (Al, A2, A3 and 
A4). A short description follows of each of them.
2.2.1 Al: The Large Area Sky Survey
This experiment, referred to from here on as LASS, was built and operated by the U.S. 
Naval Research Laboratory, and assumed a major fraction of the resources of HEAO-1: 
mass, detector area, data telemetry, etc. The experiment consisted of 7 large proportional 
counters with -1 to 20 keV sensitivity (Wood et al. 1984). Originally designed to provide 
measurements of source spectra, the experiment unfortunately suffered serious design 
hardware problems which compromised this goal plus the longevity of individual detector 
modules. Despite these problems, the result of the First LASS sky survey was a catalog of 
842 sources (Wood et al. 1984), easily surpassing the Uhuru and Ariel V surveys. Error 
boxes for the LASS sources range in size from -0.01 to 1 degree2, depending upon the 
X-ray flux of the source. Further analysis of LASS data has since produced a catalog of 
fast transient sources (Ambruster and Wood 1986), and a medium sensitivity survey of 
-300 degree2 of sky centered on the ecliptic poles (Shrader, Wood and Matilsky 1986).
2.2.2 The A2 Experiment
This experiment, a collaboration between astronomers at the Goddard Space Flight 
Center, Caltech, JPL and the University of California at Berkeley, was conceived to study 
the cosmic X-ray background over a wide range of energies, from 0.2 to 60 keV. This
was achieved using six multi-layer proportional counters having various combinations of 
fields of view. Two catalogs of sources detected by A2 have been published. First, a 
catalog of 114 soft sources (<2.8 keV), of which 54 were new discoveries (Nugent et al. 
1983). The second catalog consists of 60 harder (3 to 17 keV) sources (Marshall et al. 
1979), of which 47 were new sources. Error boxes for the A2 sources are similar in size 
to the weaker LASS sources, generally < 1 degree2.
223  A3: The Scanning Modulation Collimator Experiment
The results of this experiment, hereafter referred to as the MC, are the impetus, or 
raison d'etre, behind the whole HEAO-1 identification program. A detailed description of 
the experiment, conceived by MIT & CfA astronomers, is given in Gursky et al. (1978) 
and Schwartz et al. (1978), and a brief summary of its important features is presented in 
§2.3.
2.2.4 The A4 Experiment
The A4 experiment was a collaboration between astronomers at MIT and the University 
of California at San Diego (UCSD) to survey the sky in the spectral region between high 
energy X-rays and low energy y-rays (-13 keV to 2 MeV). A total of -70 sources 
detected in the region 13 to 180 keV is cataloged by Levine et al. (1984).
2.3 The MC: Instrument and Database
The MC experiment consisted of 8 banks of identical Argon proportional counters 
sensitive to X-ray energies in the region 0.5 to 13 keV, and capable of energy 
discrimination in three channels: 0.5 - 2.5 keV (A), 2.5 - 5.5 keV (B) and 5.5 - 13 keV 
(C). A conventional coarse baffle collimator restricted the overall field of view to 4° x 4° 
FWHM, producing a triangular response function. In front of each detector was a 
four-layered grid of finely spaced parallel wires: the modulation collimators. These 
collimators modulated the detected X-ray flux, as the satellite spun, at the wire spacing 
frequency. The result was a series of regularly spaced transmission bands on the celestial 
sphere. Two different collimators, MCI and MC2, were used, with 4 banks of counters 
dedicated to each collimator. The transmission bands, as projected on the sky, were 
spaced at 4' and 16' intervals, and their widths were 30" and 2' FWHM respectively for 
MCI and MC2. Furthermore, the collimators were rotated 20° with respect to each other, 
which produced a series of regular intersections of the MCI and MC2 bands, with an 
individual intersection being a parallelogram with 30" and 2' sides (FWHM). These 
multiple, regularly spaced intersections are referred to as error diamonds, and represented 
the allowed, but non-unique, positions of the X-ray source. For the weakest MC sources,
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these diamonds are ~l' x 4' to 90% confidence. They are regularly spaced at a density of 
~20 diamonds degree2, or 320 diamonds over the full 4° x 4° area. Examples of these 
diamonds can be found in Chapters 5 & 6.
The instruments on HEAO-1 scanned great circles of approximately constant ecliptic 
longitude (X) every ~30 m (the satellite's spin period), while the spin axis moved by ~1° 
per day in ecliptic longitude, resulting in the detector viewing circle rotating slowly at the 
same rate about the ecliptic poles. Hence for the MC, with its 4° x 4° field of view, a 
typical source was observed for ~20 s each spin period, or a total of ~960 s each day, for 
a total of £ 4 days, depending upon the ecliptic latitude (ß) of the source. A source within 
4° of either ecliptic pole was observed all year round on every scan; in fact the number of 
days a source was in view is given as ~4 / cosß days. We now define the direction of 
spin, ie varying ß, as the azimuth direction, and the direction of the diurnal motion of the 
spin axis, ie varying X, as the elevation direction.
Since an individual scan by the MC (over the spin period) resulted in an insignificant 
signal detection for the majority of sources, it was necessary to bin all the MC data over 
the ~4 day time interval for which the source was in view. For sources in the range 0.5 to 
2 pjy (at 5.2 keV), at least ~100 individual scans were required to be co-added for a 
significant detection. Indeed for the weak (~3a) MC sources, it was necessary to have 
some a priori knowledge of a source position at which the MC data could be binned. This 
position was invariably derived from the almost contemporaneous LASS experiment, or 
from other X-ray positions (eg. Uhuru). Furthermore all MC data within ±2° azimuth and 
± 3° elevation of the nominal source position were included in the binning process. Each 
collimator (MCI and MC2) and each energy channel (A, B and C) were treated as 
independent data sets, to allow for different source spectra and source extension. Various 
combinations of these sets were analysed, and the subset chosen which exhibited the most 
significant detection in both collimators. In some cases a detection was made only for one 
collimator, due to either the weakness of the source or its extended nature: such that its 
size was greater than the 30" FWHM of MCI, but less than the 2' FWHM of MC2, in 
which case a detection would only result in the latter (see § 1.3.2).
Not only did LASS (or Uhuru, Ariel V) provide an initial binning position, but the 
adoption of the corresponding error box considerably reduced the number of viable MC 
error diamonds in which the X-ray source could be present. Typically, the weaker 
sources required consideration of 30-60 diamonds, a reduction from as many as 300.
Over the lifetime of HEAO-1, the MC experiment yielded multiple diamond sets for 
~600 X-ray sources from all 3 sky surveys. Most of these were also observed by LASS, 
and later cataloged (Wood et al. 1984). Approximately 60 of the MC sources were not in 
the LASS catalog because they were below its sensitivity threshold during the first sky 
survey. However these additional sources were seen in other surveys, or in the 
unpublished LASS results from the second and third sky surveys. These latter data were 
provided by NRL to the MIT & CfA group, who conducted their own analysis, by
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selecting data with a uniform background, to derive positional information.
The results of these analyses were sets of multiple error diamonds for each X-ray 
source, together with one or more coarser error boxes, usually LASS or Uhuru. Each 
viable error diamond was then searched systematically for candidates for the optical 
counterpart. In § 2.6 we discuss the search procedures.
2.4 Initial Results from the MC
By 1981, ~60 of the brighter MC sources were optically identified, and several 
important discoveries followed, examples of which are now discussed.
Amongst the Galactic objects, identifications of several new CVs (eg. H2252-032 = 
AO Psc) led to the discovery of the intermediate polar class of magnetic variable (Griffiths 
et al. 1980, Patterson and Price 1981, Steiner et al. 1981). The'accretion disk corona 
binaries' were also discovered (Griffiths et al. 1978, Thorstensen et al. 1979). GX339-4 
was established as a possible black hole candidate (Doxsey et al. 1979), while A0538-66 
(Johnston et al. 1979) was identified with a luminous Be X-ray binary with a 16.6 day 
orbital period, and found to contain a 69 ms X-ray pulsar, the fastest known.
Amongst the extra-galactic sources, the brightest cluster with a central dominant galaxy 
(cD), the Ophiuchus cluster, was identified as an X-ray source (Johnston et al. 1981). 
Furthermore, these early results established BL Lacs as an important class of X-ray source 
(Schwartz et al. 1979), and showed that extended X-ray emission was present in poor 
clusters of galaxies (Schwartz et al. 1980). Lastly the identification of some high latitude 
transient sources with coronal emitters of the RS CVn type raised the possibility that many 
transients could be such systems (Schwartz et al. 1981, Garcia et al. 1980).
An important result of this initial identification work was the confirmation of the basic 
reliabiltiy of the MC positions, from which it was concluded that the effectiveness to 
identify the weaker sources was only limited by counting rate statistics. These results also 
demonstrated the basic reliability in the LASS catalog, at least in terms of source intensity, 
although more recent results with weaker sources show that the error boxes in the LASS 
catalog (Wood et al. 1984) are underestimated by a factor of ~4 in area, if they are to 
contain 90% of the confirmed optical counterparts, even those claimed in the catalog itself.
2.5 The Current Identification Program
The impetus behind the present program to identify the weaker HEAO-1 MC sources is 
the discovery of new members of the weak source optical counterpart population. Not 
only will this systematic program produce more members of the various classes, which 
often warrant detailed individual follow-up studies in their own right, but for the first time 
it will eventually be possible to undertake statistical studies of the various types, which are 
only meaningful in a flux limited, unbiased survey. For example the previous flux limited
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high latitude (|b| > 20°) survey of hard sources (HEAO-1, A2; Piccinotti et al. 1982 ) 
consisted of a sample of 85,78 of which had optical counterparts. In comparison, there 
are 337 LASS high latitude sources, of which 217 have already been optically identified 
(as at 1988 September), and of the remaining, an extra ~70 to 80 are likely to be identified 
given the previous success rate. Clearly stronger conclusions will be able to be drawn 
regarding logN-logS and statistical distributions based on -300 sources compared to 85.
Taxonomy of the weaker HEAO-1 sources has to date resulted in the identification of 
the following major classes: AGN, CVs, Be X-ray binaries and RS CVn like stars, all of 
which were introduced in §1.3. The first two classes are visibly faint (V £ 14), while the 
last two are visibly bright (V< 10). Two optical identification techniques were therefore 
adopted, each suited to the two regimes, and these techniques are now discussed.
2.6 Candidate Selection
The initial step in the optical identification procedure was to conduct searches of 
various 'interesting objects' catalogs for positional coincidences with all viable error 
diamonds for a particular sources (usually £ 60). All catalogs containing previously 
established X-ray sources were considered: eg NGC , Markarian UV Objects , General 
Catalog of Variable Stars, Catalog of Emission Line Objects, Parkes Radio Catalog , as 
well as a few other miscellaneous catalogs: eg Catalog of Nearby Stars, Catalog of 
Planetary Nebulae. Many of these catalog searches were conducted on-line. In the 
majority of instances this initial approach failed to produce a candidate.
A second approach was to overlay the error diamond maps with a photographic sky 
survey (eg the SRC-J), and look for unusual coincidences with viable error diamonds. 
Such objects as globular clusters, galaxies, particularly those with bright nuclei, clusters 
of galaxies and bright stars (V$10) were noted. Occasionally bright stars were 
considered as candidates and the spectral types of these stars were determined, usually 
from the SAO or HD catalogs, in order to ascertain whether they might be possible Be 
systems (early type O-B) or RS CVn-like (F-K type) counterparts. If this initial criterion 
was met, then the stars were considered candidates for future spectrospcopic studies to 
confirm their Be or RS CVn nature. Non-SAO or HD stars usually passed directly into 
this category by default Further discussion of the bright star candidates is given in §2.7.
By far the majority of optical candidates were selected on the basis of their optical UV 
excess. Such a UV excess is an established optical characteristic of many X-ray sources, 
both Galactic (Margon 1979, Bradt and McClintock 1983) and extra-galactic (Stein and 
Weedman 1976, Stein, O'Dell and Strittmatter 1976), providing the sources are not 
heavily reddened. It is the single most robust criterion for selection of optical 
counterparts. The UV excess in AGN is caused by their power law optical continua, and 
possibly their UV bump. In the case of CVs, their continua are typically characterised by 
hot black bodies, probably arising from the optically thick regions of the accretion disk.
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Schmidt plates of each X-ray source field in two colors, U and B, were taken in order 
to isolate UV-excess objects in error diamonds. Various Schmidt telescopes have been 
used in the search for the UV candidates, both in the northern and southern hemispheres 
(at Kitt Peak, Cerro Tololo and Siding Spring Observatories). The plates used were fine 
grain Kodak niaJ emulsions, hypersensitized by baking and soaking in H2. Each plate 
had a ~3.5° x 3.5° field, and a plate scale of 120" mm*1. Both UG1 (U) and GG385(B) 
filters were used to obtain double exposures, in U and B, on the same plate, with an offset 
of ~15". Exposure times of ~90 m and 18 m were optimized to reach a limit of ~17m.5 
to 18m in U and B, depending on the seeing and guiding. Each plate obtained was 
overlayed with a transparency with the error diamonds, at the same scale, and all viable 
diamonds were visually inspected, using a binocular microscope, for the presence of UV 
excess objects. Any such objects found were noted as possible optical candidates, and 
finding charts and positions were produced. Typically -3 candidates per field, satisfying 
the UV and positional criteria, were selected for further study.
In the case of particularly crowded fields, close to the Galactic plane, the services of the 
48" U.K. Schmidt Telescope (UKSTU) were employed to obtain separate U and B plates 
of each source field (or sometimes up to three fields because of the larger 6° x 6° 
coverage), at an improved plate scale (67" mm-1). These plates were eventually digitized 
using the Mt. Stromlo PDS machine, and UV excess objects near to the relevant LASS 
boxes were recorded as possible counterparts (Brissenden 1985). In a few cases objective 
prism plates were also taken by the UKSTU, in an attempt to identify counterparts on the 
basis of line emission, in heavily reddened fields where the UV-excess technique is likely 
to fail.
All of these abovementioned techniques were utilized in order to isolate candidates as 
optical counterparts. Results to date have shown that most source classes of the weaker 
HEAO-1 population have optical counterparts that would be recognised by the above 
criteria. A few exceptions are heavily reddened and obscured sources, and distant (~ kpc) 
X-ray bright, but optically faint LMXBsources, which contain intrinsically faint (Mv £ 5) 
optical counterparts.
2.7 Confirmation of Optical Counterparts
Spectroscopy of each candidate object, to look for recognised spectral features (eg 
emission lines), was the final step in the identification process. In most cases, objects 
exhibiting such spectral characteristics were securely identified as the X-ray source optical 
counterparts.
2.7.1 The Faint Source Population
The majority of candidates, the optically faint population, selected on the basis of their 
UV-excess, have been (and continue to be) observed spectroscopically at low resolution
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(10 - 20Ä) with the 3.9 m Anglo-Australian Telescope, employing the RGO/IPCS and 
FORS spectrographs. In real time, after ~100-500s exposure, it was usually possible to 
confirm or reject a candidate as the optical counterpart. Spectral features looked for were 
high excitation emission lines (eg. HeIlA.4686, Cm-NIIlM.4640-4650), broad Balmer 
and Hel emission lines on a blue continuum, characteristics typical of X-ray emitting CVs 
and related binaries. In the case of the X-ray emitting AGN, typical Seyfert features were 
looked for: broad Balmer emission, narrow forbidden line emission (eg. [OHI] M.4959, 
5007), and often lines of [Oil], [NeV], and [SH]. High excitation Fe lines (Fell to FeX ), 
a feature of some X-ray AGN, are another spectral characteristic we looked out for. 
Featurells blue spectrum objects were considered as X-ray sources.
2.7.2 The Bright Source Population
With regard to the bright star candidates^ £ 10) population (RS CVn and Be X-ray 
binary candidates), the confirmation procedure has been to obtain high resolution (~2.5Ä) 
coud6 spectra using the 1.9 m telescope at Mt. Stromlo Observatory. These spectra were 
taken in particular regions containing diagnostic lines used to confirm whether or not the 
candidate was one of these two object classes. In the case of the RS CVn stars, and 
related objects, a search for any evidence of Call H and K emission reversals was 
undertaken. Similarly, for the early-type candidates, the presence of Balmer emission was 
used to decide if the object was a Be star, and hence a possible Be X-ray binary.
In summary, the criteria for an optical identification of a HEAO-1 MC source are:
• Position coincident with MC error diamond and our estimate of the true LASS 
error box.
• Optical spectral characteristics consistent with a particular class of X-ray source.
• A low probability of a chance positional coincidence based on the surface density 
of the object class, and the area examined.
• Similar gross characteristics to other established members of the class(eg.
/ L0pt)*
When all of these factors favoured the confirmation of a candidate as the source 
counterpart, then the likelihood was extremely high that the object was the correct 
identification. In cases where follow-up X-ray observations were conducted using 
imaging instruments (eg. EXOSAT), almost without exception, the identification has been 
confirmed. At the end of this thesis a summary of the results and status of the current
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identification program is presented.
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CHAPTER 3
AGN Identifications of HEAO-1 MC Sources
3.1 Introduction
As stated in Chapter 1, the major part of this thesis is concerned with the study of the 
Galactic X-ray sources, optically identified with HEAO-1 modulation collimator sources. 
However, for completeness, in this brief Chapter some results of the AGN identifications 
and studies in which the author has contributed are summarised An initial report of some 
of this work has appeared in Remillard (1985). These investigations have either been 
published, or submitted for publication in Remillard et al. (1986, 1988 and 1989) and 
Brissenden et al. (1987).
The HEAO-1 satellite, and in particular the A2 experiment, made a major contribution 
to our understanding of AGN (Mushotzsky et al. 1984). The results from this experiment 
led to the discovery that the X-ray spectra are consistent with a power law distribution, Fv 
oc v _a , where the index a  ~ 0.7. This seemed to suggest that a single physical 
mechanism was responsible for the X-rays in AGN. In particular, the similarity of the 
X-ray and radio indices seen in radio galaxy lobes was consistent with X-rays produced 
by Compton scattering of synchrotron photons. With the advent of more sensitive lower 
energy instruments, especially the IPC on the Einstein Observatory and more recently the 
LE telescope on EXOSAT , this relatively simple interpretation was made more 
complicated by the discovery of steeper low energy spectra, with a  -  1 - 3.5 (eg. Pravdo 
and Marshall 1984, Elvis, Wilkes and Tananbaum 1985). These results seemed to 
indicate that the canonical a  = 0.7 law resulted from selection effects of the A2 
experiment. The presence of these softer X-ray 'excesses' (over the power law), seen in 
many of the QSOs selected by the Einstein Observatory, suggested a possible two 
component spectral model, also seen in BL Lacertae objects (eg. Agrawal et al. 1979) and 
adequately explained in terms of the beaming synchrotron self-Compton model (Urry 
1984, Worrall et al. 1984). However, the issue is far from resolved and at least two 
competing explanations of the X-ray spectral distributions have been proposed: a low 
energy tail from an accretion disk spectrum and optically thin thermal bremsstrahlung 
emission from confined hot gas (see for example, Elvis 1986).
While the Einstein Observatory (and other imaging instruments) has serendipitously 
discovered many AGN (the EMSS contains ~375 serendipitous discoveries; Gioia et al. 
1988), most are ~10-100 times fainter in X-rays and in the optical than the new AGN 
discoveries facilitated by the HEAO-1 MC. Clearly further follow-up X-ray observations 
of these brighter sources will be extemely valuable in constraining the current models for
X-ray emission in AGN. The same arguments can also be made regarding optical studies 
of AGN; the HEAO-1 discoveries are also adding to the number of optically bright AGN.
3.2 Discovery of Eight Bright AGN
In this section a summary of eight HEAO-1 MC AGN discoveries (Remillard 1985; 
Remillard et al. 1986) is presented. These AGN consist of seven Seyfert I galaxies and 
one QSO, and are in the range V -  14-15. They were discovered as a result of their strong 
UV excess appearance on two color Schmidt plates obtained at Cerro Tololo 
Inter-American Observatory (CTIO) and Kitt Peak National Observatory. Confirmation of 
their AGN class followed from spectroscopy conducted on the following telescopes: the 
3.9 m Anglo-Australian Telescope (AAT), the 1.5 m telescope at CTIO and the 
McGraw-Hill 1.3 m telescope. The spectra had resolutions in the range 10Ä to 15Ä and 
were flux calibrated. In Figures 3.1 and 3.2 the spectra of all eight AGN are presented.
Most of the AGN exhibit spectral characteristic typical of Seyfert I nuclei. The 
Baimer decrements are generally steeper than radiative recombination predictions 
(Osterbrock 1977). A feature of three of these AGN (H0307-730, H0707-495 and 
PKS0558-504) is Fell emission, whose strength is comparable to the strongest Fell 
emitters of Steiner's (1981) sample of 147 AGN. The strongest Fell emitters of Steiner's 
sample, I Zw 1 and Markarian 231, are unusual in that their luminosities are the highest 
among the Seyfert galaxies (Rieke 1978). Both H0707-495 and PKS0558-504 distinctly 
resemble I Zw 1, with the latter being more optically and X-ray luminous than I Zw 1, 
with Mv = -25.1. Other interesting AGN in the sample include H2107-097, which 
appears to belong to the small group of FeVII and FeX emitting, highly X-ray variable, 
Seyferts.Another, HI 839-786, has a very hard X-ray spectrum with a  -  0.1.
The emission line profiles of PKS055 8-504 and H0707-495 are unusually narrow for 
highly X-ray luminous Seyferts, neither do they resemble emission lines of Seyfert Es, or 
the two component profiles that characterize the Seyfert 1.5-1.9 class.
The eight AGN have an average log Lx of 44.3 dex, very similar to the 44.2 for 
broad line AGN in Steiner's (1984) list of Seyferts and low-redshift QSOs. The optical to 
X-ray power law exponent, ßox, is similar in value (~ 1.1) to that derived from the Kriss 
and Canizares (1982) X-ray selected AGN (~1.2).
3.3 Further Southern HEAO-1 AGN Identifications
As the collaboration to optically identify the HEAO-1 MC sources is a continuing 
project, due to be completed sometime in 1990, new identifications of all classes of 
source counterparts continue to be made. In Table 3.1 a list is presented which includes 
all of the southern emission line AGN sources for which the author has been involved, 
usually in the initial spectroscopic confirmation of the candidate and production of its 
calibrated spectrum. The newer identifications, compared to the eight mentioned above,
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Figure 3.1 Optical spectra of four AGN. H0307-504 and PKS 0558-504 were observed 
at the AAT on 1984 February 8, while H0707-495 was observed at the AAT 
on 1983 May 17. The spectrum of HI 143-182 was obtained at the 
McGraw-Hill Observatory on 1983 March 15.
(Remillard et al. 1986)
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Figure 3.2 Optical spectra of four AGN. The spectrum of H2106-099 was obtained at 
CTIO on 1982 October 25, while the other three were observed at the AAT on 
1983 May 17.
(Remillard et al. 1986)
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will appear in a future paper (Brissenden et al. 1989, and Remillard et al. 1989), which 
will shortly be submitted. In the final Chapter of this thesis the total number of current 
HEAO-1 AGN identifications are discussed (including BL Lac objects), together with the 
status of the whole identification project
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TABLE 3.1
AGN Identified with HEAO-1 Sources
LASS Name Type Reference LASS Name Type Reference
1H0307-722 Seyfert 1 a
1H0323+342 Seyfert 1 b
1H0339-822 Seyfert 1 b
1H0419-577 Seyfert 1 c
1H0509+166 Seyfert 1 b
1H0523-118 Seyfert 1 b
1H0557-503 QSO a
1H0659-494 Seyfert 1 a
1H0828-706 QSO b
1H1118-431 Seyfert 1 b
1H1142-178 Seyfert 1 a
1H1318+560 Seyfert 1 b
1H1321+692 Seyfert 1 b
1H1325-246 Seyfert 1 b
1H1420+481 Seyfert 1 b
1H1521+308 QSO b
1H1627+302 QSO b
1H1836-786 Seyfert 1 a
1H1927-516 Seyfert 1 a
1H1934-063 Seyfert 1 b
1H2107-097 Seyfert 1 a
1H2129-624 Seyfert 1 a
1H2351-315 Seyfert 1 b
References
a: Remillard et al. (1986) 
b: Remillard et <3/. (1989) 
c: Brissenden et al. (1989)
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CHAPTER 4
Be X-ray Binaries
4.1 Current Understanding
The association of Galactic X-ray sources with Be stars was first suggested by 
Maraschi, Treves and van den Heuvel (1976) when they identified 4 such objects. By the 
time of Rappaport and van den Heuvel's (1982) review paper, another 8 such systems had 
been added, and clear observational tendencies had become apparent. All are hard X-ray 
sources (>3 keV), and half of them exhibit X-ray pulsations ranging from 69 ms to 835 s, 
which is interpreted as the spin period of an accreting magnetic neutron star (X-ray 
pulsar). With the exception of X Per (4U0352+30), which is possibly the closest Be 
X-ray binary, all of the twelve sources are highly variable, or transient, by a factor of 
10-100 times. X Per is unusual in that it shows a persistent steady X-ray flux, and has a 
low inferred X-ray luminosity (-1034 ergs s_1; eg Corbet 1986). Such a low level 
'quiescent' luminosity (in the range 1032 to 1034 ergs s_1), also applicable for another 
close system y Cas (2S0053+60), is explained in terms of the standard stellar wind 
accretion theory of Davidson and Ostriker (1973). This interpretation has subsequently 
been supported by observations of blue shifted UV resonance lines, confirming the 
presence of a stellar wind. However, for the majority of variable or transient Be sources, 
this theory is inadequate in explaining the much higher luminosities during the X-ray high 
states of activity, which reach 1038 to 1039 ergs s”1. The rotation induced equatorial mass 
ejection, which is a defining characteristic of a Be star (eg Slettebak 1988), has become 
the natural explanation for the higher X-ray luminosities. Not only does this mechanism 
result in an increased mass loss rate, but its highly variable nature adequately accounts for 
the transient characteristics of the X-ray emission. Rappaport and van den Heuvel (1982) 
have shown that the neutron star accretion rate expected from Be-type mass ejection is 
large enough to power the observed X-ray luminosity. The often observed periodic X-ray 
outbursts (eg every -17 days in A0538-66) are consistent with periastron passage of the 
neutron star near the Be companion.
The most recent review of Be X-ray binaries (van den Heuvel and Rappaport 1987) 
has a total of 20 systems, of which possibly 13 have determined X-ray spin periods. 
Corbet (1984, 1986) has shown that a remarkably tight positive correlation exists between 
the spin and orbital periods in the 8 systems for which these quantities are determined. 
Corbet, in addressing this, has shown that the observed correlation is a natural 
consequence of a neutron star, spinning at its equilibrium period (where accretion and 
magnetic torques cancel), accreting relatively dense (number density -  102 - 107 cm*3), 
slowly expanding (velocity -  100 km s*1) circumstellar material, expelled from the Be 
star. The values of these two parameters are found to be typical of the circumstellar disks
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of Be stars, as inferred from optical line and infra-red continuum emission.
Evolutionary models for the Be X-ray binaries, and comparisons to the MXBs, have 
been reviewed in Rappaport and van den Heuvel (1982), de Loore et al. (1982), with 
more recent work in Habets (1985, 1986). The models basically involve close binary 
evolution of moderate mass (<15MQ) B stars, whose evolution is dominated by mass loss 
through RLOF, resulting in a wider binary system with a commensurably longer period, 
than in the case of the higher mass (>20Mo ) MXBs, whose evolution is driven by mass 
loss through a wind.
4.2 Identification of 12 New Candidates
In the remainder of this Chapter, a summary is presented of a paper concerning the 
discovery of twelve new Be X-ray binaries (Tuohy et al. 1988) as optical counterparts to 
HEAO-1 X-ray sources. The twelve Be star identifications are based upon positional 
coincidences of MC error diamonds and coarser error boxes (eg LASS, Uhuru, Ariel V) 
with, in all but two cases, previously cataloged emission line objects (Wackerling 1970). 
The two exceptions were discovered to be emission line objects after classification 
spectroscopy of candidate objects, discussed shortly. The optical identifications are 
presented in Table 4.1. Preliminary results for A1034-56 and 1H0556+286 have already 
been reported (Schwartz et al. 1984), but new optical spectra of these are presented here. 
In addition to the MC detections, all but one of the sources were also observed by LASS 
during the first six month HEAO-1 scan, and therefore appear in the catalog (Wood et al. 
1984). The exception, A1034-56 (Seward et al. 1976), was not detected by HEAO-1 in 
the first all-sky survey, but was detected by the MC in the two subsequent surveys.
4.3 Optical Observations of the Southern Objects
Five of the bright Be X-ray binary candidates (1H0556+286, 1H0739-529, 
1H0749-600, A1034-56 and 1H1249-637) were observed spectroscopically at high 
resolution using the coud6 spectrograph of the 1.9 m telescope at Mount Stromlo 
Observatory and the 6chelle spectrograph on the 1.0m telescope at Siding Spring 
Observatory. Some representative spectra of these objects are presented in Figures 4.1 to 
4.6; all but one are in the region of Ha. A1034-56 shows an absorption reversal in both 
H a and Hß, with the absorption extending below the continuum in the latter, indicative of 
an absorption, rather than a dynamical process (eg. an accretion or 'excretion' disk). 
None of the other stars exhibit such structure; however two (1H0739-529 and 
1H0749-600) have narrow emission cores in wide absorption troughs.
The X-ray source 1H0103-762 is identified with a faint V -  17 UV-excess Be star 
lying in the southern region of the Small Magellanic Cloud. Its identification followed 
from a low resolution spectrum (~10A) obtained with the Anglo-Australian Telescope
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TABLE 4.1: OPTICAL IDENTIFICATIONS
X-ray Name SAO HD V RA(1950) Dec / b
1H0103-762 17 01 07 45.1 -75 00 38 SMC
1H0556+286 - 249179 9.2 05 52 44.3 +28 46 41 181 +1.9
1H0739-529 235515 63666 7.6 07 46 09.8 -53 12 28 266 -13.7
1H0749-600 250018 65663 7.0 07 55 27.7 -60 57 54 274 -16.2
A1034-56 238130 91188 6.9 10 28 28.3 -56 49 14 285 +0.7
1H1249-637 252002 110432 5.4 12 39 53.2 -62 47 06 302 -0.2
1H1253-761 256967 109857 6.5 12 35 59.8 -75 05 43 302 -12.5
1H1255-567 - 112091 5.2 12 51 39.6 -56 53 50 303 +5.7
1H1555-552 243098 141926 8.6 15 50 26.4 -55 10 54 327 -1.2
1H1936+541 - (DM+53 2262) 9.8 19 31 42.6 +53 46 12 86 + 15.9
1H2202+501 051568 (DM+49 3718) 8.8 21 59 44.1 +49 55 35 97 -4.0
1H2214+589 (3G71) -11 22 24 47.8 +60 58 59 106 +3.1
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Figure 4.1
Figure 4.2
Coude spectrum obtained on the ML Stromlo Observatory telescope of 
the Be star HD249179, identified with 1H0556+286.
Coude spectrum obtained on the Mt. Stromlo Observatory 1.9 m 
telescope of the Be star HD235515, identified with 1H0739-529.
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Figure 4.3
Figure 4.4
Coude spectrum obtained on the Mt. Stromlo Observatory 1.9 m 
telescope of the Be star SA0250018, identified with 1H0749-600.
Coude spectrum obtained on the Mt. Stromlo Observatory 1.9 m 
telescope of the Be star HD25iooz, identified with /Nf24Y-^37
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Figure 4.5
Figure 4.6
fichelle spectrum of H a obtained on the Siding Spring Observatory 
1.0m telescope of the Be star SAO238130, identified with A 1034-56.
Schelle spectrum^obteined on the Siding Spring Observatory 1.0 m of 
the Be star HD^SSßO , identified with 3 A I034~56 .
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Figure 4.7 Low resolution A AT spectrum of the faint Be star identified with the
HEAO-1 X-ray source 1H0103-762. Data are shown from the RGO 
Spectrograph.
Figure 4B Low resolution AAT spectrum of the faint Be star identified with the 
HEAO-1 X-ray source 1H0103-762. Data are shown from the FORS 
Spectrograph. The absorption features are residual atmospheric lines.
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(AAT), which secured its membership of the SMC. Spectra obtained with the AAT are 
shown in Figures 4.7 and 4.8. The initial selection of the object followed from results of 
scanning an Uppsala plate of theJC-ray field.
4.4 X-ray Measurements
The X-ray properties of the 12 sources detected by the LASS and MC experiments are 
listed in Table 4.2. The objects were detected by the MC during either two or three of the 
complete all-sky surveys. These results are therefore able to give some information 
regarding the flux stability of the sources. Hence in Table 4.2 we include a column which 
shows the number of MC surveys for which a significant source detection resulted 
(typically £ 3a), compared to the total number available for analysis. Only three objects 
were detected on all three possible occasions, while the remainder appear to be variable. 
This conclusion is reached based upon experience with a large number of equally weak 
Seyfert galaxies and clusters of galaxies, all but one of which were detected in all three 
possible surveys, and the exception being almost certainly variable. Six of the HEAO-1 
sources in Table 4.2 have been detected in other X-ray surveys (Uhuru, Ariel V), 
although there is often some uncertainty in the cross referencing because of the size of the 
error regions. None of the sources are present in the soft X-ray catalog (0.2 - 2.8 keV) of 
Nugent et al. (1983) derived from HEAO-1 scans that were simultaneous with the MC and 
LASS detections, thereby emphasising the sources' spectral hardness.
Einstein Observatory IPC and EXOSAT LE data (ie imaging data) are available for a 
few of the X-ray sources, and the respective fluxes and upper limits are given in Table 
4.2. Three counterparts are confirmed by these imaging observations, namely 
1H1249-637, 1H1555-552 and 1H0556+286. In the case of A1034-56, the flux detected 
by the EXOSAT LE is almost certainly heavily contaminated by ultra-violet emission from 
the V -  7 optical counterpart (Giommi 1988). Table 4.2 also includes estimates of the 
X-ray to optical luminosity ratios, which are subject to uncertainty due to reddening 
corrections. Finally, it should be noted that in the case of the SMC source, 1H0103-762, 
its great distance implies that it is a very luminous system, with Lx ~ 1036 to 1037 ergs
S"1.
4.5 Discussion
These new 12 Be X-ray binary candidates represent a very significant addition to the 
20 previously known (van den Heuvel and Rappaport 1986), or suspected, systems. 
However, before proceeding it is necessary to evaluate the likelihood of spurious 
identifications, given the high density of emission line objects in the Galactic plane (eg 
Wackerling 1970). On average ~3 stars from Wackerling's (1970) catalog are in or near a 
LASS error box for the latitude range |b| = 0° to 10°, compared with 1.5 between |b| = 10°
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TABLE 4-2-
NEW X-RAY B-EMISSION SYSTEMS FROM HEAO-1 
X-RAY MEASUREMENTS
X-ray HEAO-LASS HEAO-MC MC Scans IPC EXO (HEAO)1
Name Flux (UFU) Flux (UFU) Used/Avail. Flux Flux ' l-'opt
1H0103-762 2.1 1.3 2 /3 - - 7
1H0556+286 1.0 1.0 2 /3 - 0.5* 3 x 10-3
1H0739-529 0.7 1.1 2 /3 - - 6x 10^
1H0749-600 0.8 1.0 3 /3 - - 4 x 104
3A1028-56 - 1.0 1 /3 < 0.02 <0.05 3 x 10-4
1H1249-637 2.0 1.4 1 /2 0.6 - 2 x 10^
1H1253-761 0.6 1.2 2 /3 - - 1 x 104
1H1255-567 0.8 1.2 2 /2 - - 5 x 10-5
1H1555-552 1.3 1.1 2 /3 0.05* - 2 x 10-3
1H1936+541 0.6 0.9 3 /3 - - 3 x lO-3
1H2202+501 0.6 1.0 1 /3 - - 1 X  10-3
1H2214+589 0.5 1.4 1 /2 3 X  10-3
1 Lx / Lopt is an estimate of the luminosity ratio in the range 2-11 keV versus 3000-7000Ä, as described in 
Bradt and McClintock (1983). Since we have very limited information regarding interstellar extinction for 
these objects, the X-ray and optical fluxes have been scaled to those of the Be X-ray system, yCas, to 
produce the results given.
* A very hard spectrum was observed, with no flux detected below 2 keV.
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to 16°. The MC diamonds reduce the LASS area by typically -100, decreasing the 
likelihood of chance positional coincidence. Based on the examination of ~ 150 fields in 
these latitude ranges, we conclude that the cumulative probability of spurious 
identifications implies up to three of the identifications may be bogus.
With the exception of 1H0103-762, all of the objects are low X-ray luminosity 
systems. Nevertheless, the X-ray to optical luminosities of the sample have Lx / Lopt > 
10"4, which is at least two orders of magnitude greater than that expected of coronal 
emission from early type stars (eg. Caillault and Helfand 1985). This fact, and the 
analogy with similar Be systems discussed in Rappaport and van den Heuvel (1982), 
suggests that the hard x-ray emission observed in these stars probably arises from 
accretion onto a neutron star. X-ray pulsations may therefore be detectable in the future, 
particularly at a time of outburst, which is associated with enhanced mass ejection. The 
orbital periods of these systems are likely to be very long, especially for low luminosity 
Galactic objects for which P £ 100 days can be expected, the periods will therefore be 
difficult to determine.
The high luminosity, variable source 1H0103-762 joins two other Be X-ray systems 
in the SMC, namely SMC X-2 and SMC X-3, both of which show extreme variability 
(Clark, Li and van Paradijs 1979). It is interesting to note that this source appears to have 
escaped detection in the Einstein Observatory survey of the SMC by lying in a small gap 
between two pointings of the IPC (Figure 1 in Seward and Mitchell 1981). This region of 
the SMC was also missed in subsequent deep IPC surveys by Inoue, Koyama and Tanaka 
(1983) and by Bruhweiler et al. (1987), although the latter authors remark that many of 
the stellar sources that they detect resemble Be systems.
Most of the 12 objects show probable X-ray variablity, a well established feature of 
the Be X-ray binaries, and in itself, supporting evidence for their classifications. Such 
variability probably arises from either aperiodic equatorial mass ejection from the rapidly 
rotating Be star, or as a consequence of periodic periastron passage of the neutron star in 
an elliptical orbit through the extended atmosphere or circumstellar shell / disk of the Be 
companion.
While three of these sources have been identified beyond doubt from imaging X-ray 
observations, similar confirmation of the remaining objects will probably need to await the 
forthcoming ROSAT  mission. Alternatively, detection of X-ray pulsations with 
non-imaging instrument (eg. Ginga) may also confirm their classification as Be X-ray 
binary sources.
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CHAPTER 5
Discovery of Three New RS Canum Venaticorum-like 
Counterparts to HEAO-1 X-ray Sources
5.1 Abstract
We report the identification of three high galactic latitude X-ray sources, detected by 
the HEAO-1 Scanning Modulation Collimator (MC) experiment, with the bright stars 
HD113816, HD146413 (=ADS 9982) and HD39576. We have found all three stars to 
be chromospherically active by virtue of their Call emission strength. The latter two stars 
exhibit variable X-ray emission in the 1 - 13 keV energy range, while HD113816 is a 
softer (0.9 - 2.5 keV) and steadier source, judging from our two observations. Our 
optical spectroscopic observations reveal small radial velocity variations over months for 
HD113816 and insignificant variations for HD146413. We interpret the former as 
indicating HD113816 is a member of the long period RS CVn-like class and this is 
supported by its spectral classification of K2 IV-in. HD39576 shows the weakest Call 
core emission, but its earlier spectral type (Gl) implies a larger Call surface flux. The 
level of X-ray flux detected from these three stars is some 1 to 2 orders of magnitude 
higher than predicted empirically from the Call emission fluxes. We propose that the 
X-ray emission results from flare-like activity and interpret the variable and harder flux 
observed from two of the sources, HD146413 and HD39576, as evidence. HD113816 
distinguishes itself from the other two, as well as the majority of known X-ray flaring RS 
CVn binaries, by exhibiting softer X-ray emission. We show that it is very similar, both 
in optical and X-ray character, to the soft flaring RS CVn HD 155638 and we report for 
the first time the detection of this latter star as a HEAO-1 MC source.
5.2 Introduction
We are currently involved in a program to locate and study the optical counterparts of 
the weak, unidentified, hard X-ray sources observed by the Scanning Modulation 
Collimator (MC, or A3) experiment flown on HEAO-1 (Gursky et al. 1978). The 
database of HEAO-1 represents the most recent, deepest, flux limited all-sky survey of 
hard ( 1 - 1 3  keV) X-ray sources (see, for example, Wood et al. 1984), with the MC 
experiment capable of providing precise X-ray positions that frequently lead to the 
identification of the optical counterpart (Schwartz et al. 1984, 1985a, b; Tuohy et al. 
1985, 1986; Remillard et al. 1986).
Observations by HEAO-1 established RS Canum Venaticorum binaries and related 
systems as X-ray sources (Walter, Charles and Bowyer 1978; Walter et al. 1980).
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Subsequent observations by the Einstein Observatory (HEAO-2) resulted in detections of 
many more RS CVn systems (Walter and Bowyer 1981), as well as other classes of stars 
exhibiting chromospheric and coronal activity (eg. W UMa and BY Dra systems). The 
Einstein Observatory also revealed that soft coronal X-ray emission was a ubiquitous 
feature of single stars over a wide range of spectral type and luminosity class (Vaiana et 
al. 1981).
The picture which has emerged is that any star of spectral type F to K may show 
Solar-like activity to a greater or lesser degree depending upon the efficiency of the a-to 
dynamo mechanism in producing magnetic flux loops. This efficiency is dependent 
chiefly upon the depth of the surface convective zone and the rotation period. The 
dynamo efficiency can be parameterized by the Rossby number, itself proportional to 
rotation period and inversely proportional to the convective turnover time-scale, xc, of 
eddies at the base of the convective zone (see, for example, Maggio et al. 1986).
A 10*7 K corona, maintained by starspot and flare activity, was proposed by Walter 
(1978) to be responsible for the soft X-ray flux in RS CVn systems. Spectra obtained 
with the Solid State Spectrometer (SSS) on the Einstein Observatory required at least a 
two-temperature fit (Swank et al. 1981). Using a coronal loop model, the authors 
showed that emission regions could be extensive enough for interaction to occur with the 
companion star and this picture is supported on theoretical grounds by Uchida and 
Sakurai (1983). Majer et al. (1986) also found two-temperature fits to be prevalent, 
based on Einstein Imaging Proportional Counter (IPC) data. While they concluded that 
plasma was present over a wide range of temperatures, any particular model fit simply 
reflects the temperatures characteristic of a particular instruments own energy response.
Coronal activity, as measured by 1^/1^^, was shown in a series of papers (Walter 
and Bowyer 1981; Walter 1981, 1982; Ayres and Linsky 1980) to depend inversely on 
the rotation period of the star. Pallavicini et al. (1981) showed that Lx was correlated 
with vsinz for various types of stars, including multiple systems. As a group, the RS 
CVn binaries have the largest Lx values (~10^0 to a few times lCß1 ergs s"l) and obey 
this relation, although the correlation within the group is poor. Indeed, Majer et al. 
(1986) clearly show that Lx is independent of period for RS CVn systems, and have 
argued, as have Rengarajan and Verma (1983), that the Lx/Lt»ol'  period dependence is 
simply due to the variation of the radius of the active star, on which L^oi depends, with 
period. Shorter period systems must have smaller radii to avoid semi-detached 
configurations and subsequent Roche lobe overflow.
Chromospheric activity in RS CVn stars (Hall 1976) and dMe flare stars (Bopp 1974) 
is also period dependent. Mewe et al. (1981) and Schrijver (1983) have shown that 
chromospheric activity, as measured by Call emission line fluxes, correlates with the 
quiescent soft X-ray flux. They have shown that single dwarfs and giants, RS CVn and 
spectroscopic binaries all obey this single relation, with the RS CVn systems being the
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most active.
A small number of RS CVn systems have also been observed as hard (2 - 10 keV), 
flaring or transient X-ray sources (Charles 1983; Stem, Underwood and Antiochos 
1983). Garcia et al. (1980) first suggested that flares from RS CVn binaries were the 
sources of the common, fast transient X-ray sources seen at high galactic latitude 
(Pounds 1976). Flares observed from RS CVn binaries are highly energetic events with 
timescales ranging from hours to weeks (Linsky 1983). If we adopt a peak flare 
luminosity of 1032 ergs s_1 (Schwartz et al. 1981) and a nominal flux detection limit of 2 
x 10-11 ergs cm-2 s '1, typical of weak MC sources, then high galactic latitude flares 
should be detectable from RS CVn systems at distances up to ~200 pc. Taking a typical 
absolute magnitude of 2 < Mv < 4 for the active G - K V-HI component, we expect that 
such a flaring RS CVn, or related system, will be seen as a HEAO-1 X-ray transient if it 
is brighter than mv -  9.5.
In this paper we report the identification of three high latitude HEAO-1 MC X-ray 
sources with the chromospherically active RS CVn-like stars HD 113816, HD 146413 
and HD39576. In §5.3 we present the X-ray data for these sources. Optical 
observations, including coud6 spectroscopy and broad and narrow band photoelectric 
photometry, are summarized in §5.4. In §5.5 we discuss the implications of our data and 
compare them to other X-ray emitting RS CVn systems. We conclude with summary 
remarks in §5.6.
5.3 X-ray Observations
The non-imaging MC experiment produced multiple positional error boxes or 
"diamonds" uniformly distributed over the 4 x 4 degree FWHM field of view of the 
experiment. These diamonds resulted from the beam pattem produced by the two sets of 
wire collimators, referred to in the rest of this paper as MC 1 and MC2, which modulated 
the X-ray signal as the spacecraft rotated. The responses of these collimators were 30" 
and 120" FWHM, and resulted in error diamonds of similar dimensions. As described in 
Remillard et al. (1986), the multiplicity of diamonds is substantially reduced by imposing 
other X-ray survey error boxes. The HEAO-1 Large Area Sky Survey (hereafter 
"LASS") catalog (Wood et al. 1984) presents details of the 842 sources detected during 
the first complete celestial scan by HEAO-1. The source positions reported in the catalog 
in many cases reduce the number of viable error diamonds from several hundred to 
between 5 and 50. Since the MC experiment viewed sources contemporaneously with 
LASS, the latter has been utilized to enable weak MC data to be rebinned on LASS 
positions, thus allowing us to reliably use MC results as weak as 2.5 to 3a  (Schwartz et 
al. 1985).
The initial step in finding the HEAO-1 MC optical counterparts has been to search
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on-line catalogs of many different classes of objects, all potential X-ray sources, for 
coincidence with X-ray error diamonds. Examples of such catalogs are the General 
Catalogue of Variable Stars (Kukarkin et al. 1969), Catalogue of Emission Line Objects 
(Wackerling 1970) and Catalogue of Stars within 25 Parsecs of the Sun (Woolley et al. 
1970). Particular attention was also paid to off-line catalogs such as compilations of RS 
CVn systems (Hall 1981; Hall, Zeilik and Nelson 1985) and cataloged emission line 
objects (Bidelman and MacConnell 1973; Houk and Cowley 1975; Houk 1978, 1982; 
Weiler and Stencel 1979 and Heamshaw 1979) for coincidence with MC and LASS 
positions. In most cases such searches have not produced a viable candidate. The next 
step in the identification procedure is to search for UV-excess objects on Schmidt plates 
of the X-ray fields (see Remillard et al. (1986) for a full description of this method). In 
parallel with the above, we also consider any bright stars (mv < 10), usually SAO catalog 
objects, coincident with MC error diamonds. Early type stars are observed for evidence 
of Be or shell star characteristics; such stars have been associated with X-ray sources 
when they are companions to neutron stars (Rappaport and van den Heuvel 1982). Stars 
of spectral type F to K were observed spectroscopically for signs of chromospheric 
activity, viz. Call emission. In each of the three cases reported in this paper, a cataloged 
SAO star was found within one of the ~2 square arcminute MC error diamonds. 
Subsequently, coudd spectroscopy revealed the chromospheric nature of these stars, 
which will be discussed in §5.4.
The three X-ray sources were observed by the HEAO-1 instruments on two or three 
separate scans. Each scan lasted 4-7 days, and the scans of an individual source occured 
every six months. The X-ray detections for each source are summarized below. The 
positions determined by the MC and LASS experiments are shown in Figures5J,5.2 and 5.3 
together with the proposed optical counterparts. We have estimated the 2 -10 keV fluxes 
from the LASS catalog count rates using a conversion factor representative of RS CVn 
systems. Our conversion factor is reasonably close to the value used by Pravdo et al. 
(1985) for coronal emission between 0.5 to 10 keV, but our value is 25% larger than that 
quoted by Wood et al. (1984) for a Crab-like spectrum. The MC detections in general are 
too near threshold to yield reliable flux estimates.
5.3.1 1H1303-047 (=HD 113816 = SAO 139157)
This source is listed in the LASS catalog as a detection in the first six months of the 
mission. The X-ray flux is 7.0 x 10'11 ergs cm*2 s '1 in the energy range 2 - 1 0  keV. The 
source was scanned twice by HEAO-1 (1978 January 2-8 and 1978 July 3-9), and the 
MC result is most significant during the second observation. The MC error diamonds
5.
(see Figure 1) were obtained from the energy channel with sensitivity in the range 0.9 to 
2.5 keV, and the statistical significance of the detection is 2.7g in MCI and 3.8a in
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Figure 5.1 X-ray field for 1H1303-047 showing the MC error diamonds and LASS 
error box. The V=8.3 star HD113816 lies at; 
a(1950) = 13h 03m 51* 5(1950) = -04° 34’ 42"
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MC2. The V=8.3 magnitude star HD113816, at a(1950) = 13h 03m 51s and 5(1950) =
-4° 34' 42", is within one of the error diamonds and exhibits very strong emission lines 
at Call H and K, as can be seen in Figure 5.4.1.
5.3.2 H1613+075 (=HD 146413 = SAO 121460 = ADS 9982)
This source was not detected by either the LASS or MC during the first HEAO-1 scan 
(1977 August 20-24). However, in the sum of the second and third scans (1978 
February 15-19 and 1978 August 20-23), the MC detected a source with a significance of 
3.4a in MCI and 4.3a in MC2 in the energy range 1 - 13 keV. The V=8.6 magnitude 
star HD146413 at a(1950) = 16h 13m 31s and 5(1950) = +7° 29' 14", a visual binary 
(ADS 9982) with both of its components exhibiting Call H and K emission, was found 
within an MC error diamond. We have conducted our own analysis of LASS data in 
order to derive the line of position 1 shown in Figure 5.2.1 during the second six month's 
observation. The third LASS observation was not used as it was affected by detector 
malfunctions. Although the proposed optical counterpart is not within the 90% 
confidence limits of the detection, the positional deviation is not large enough to exclude 
the identification.
We show in Figure 5.2.2 error boxes pertaining to three soft (< 1 keV) sources in the 
vicinity of H1613+075 detected by the HEAO-1 A2 (soft) experiment (Nugent et al. 
1983). One has subsequently been identified as a Seyfert galaxy (E1615+061) with an 
unusually soft spectrum by Pravdo et al. (1981) using the IPC and High Resolution 
Imager (HRI) of the Einstein Observatory. Pravdo et al. (1981) report that HEAO-1 
detected the Seyfert during the first two six month scans, in contrast to our MC and 
LASS data for H1613+075, which are for the second and third scans. Further, we do 
not detect H1613+075 as a distinctly soft source in our 0.9 - 2.5 keV channel of the MC. 
Thus we conclude that there is no confusion of our source with E1615+061.
The variable nature of the MC source plus the presence of these nearby soft A2 
sources may account for the discrepancy of the LASS position. The X-ray flux during 
the second and third scans is approximately 3 x 10'1 1 ergs cm-2 s_1 in the range 2 - 10 
keV.
5.3.3 1H0543-289 (=HD 39576 = SAO 170952)
The 2 -10  keV flux determined for this source from the LASS catalog (Wood et al. 1984) 
is 2.6 x 10'11 ergs cm-2 s-1 during the first scan of the source (1977 September 16-23).
1 The line of position is orthogonal to the scan plane of the HEAO-1 instruments and is 
derived from the time of central transit of the X-ray source through the field of view. It is 
always parallel with the longest dimension of the LASS error box.
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Figure 5.2.1
Figure 5.2.2
X-ray field for H I613+075 showing the MC error diamonds and our 
determination of the LASS box from the second six month scan (dashed). 
The V=8.7 visual binary HD146413 (ADS 9982) lies at; 
a(1950) = 16h 13m 31s 5(1950) = +07° 29’ 14”
A wider view of the region near H I613+075 including three soft (< 1 keV) 
HEAO-A2 sources (Nugent et al. 1983). H1614+06 has been identified 
with a Seyfert galaxy E1615+061 (Pravdo et al. 1981).
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The MC results are appreciably more significant, however, for the sum of the second 
and third scans (1978 March 13-20 and 1978 September 17-24), with statistical significances 
of 3.1a in MCI and 4.0a in MC2 in the energy range 1-13 keV. A ninth magnitude G star 
with Call H and K emission, HD39576, at oc(1950) = 05h 50m 19s and 5(1950) = -28° 40’ 
02", lies within an MC error diamond that is well outside the LASS error box, but not far 
from the LASS line of position. The MC and LASS positions are shown in Figure 5.3. We 
do not consider the deviation from the LASS box to invalidate our identification. Our 
experience with previous identifications of faint HEAO-1 MC sources, plus identifications 
listed in the LASS catalog itself, have led us to conclude that the A1 boxes are significantly 
underestimated. The RMS deviations in the positions of the identified sources, often 
confirmed by independent X-ray results (eg EXOSAT) typically require an increase of ~3.5 
in the area of the "90% confidence" LASS boxes.
5.4 Optical Observations
5.4.1 Spectroscopic Survey
Spectra were obtained in the Call H and K region for all candidate stars using the 
coude spectrograph on the Mt. Stromlo Observatory 1.88 meter telescope. A typical 
wavelength interval of M.3900 - 4090 was achieved using the third order of a 600 lines 
mm* 1 grating, blazed at 12,000 in the first order. A blue BG12 filter was employed to 
remove the overlapping second order spectrum. The detector was a two-dimensional 
photon counting array (PCA; Stapinski, Rodgers and Ellis 1981) consisting of a CCD 
intensified by two microchannel plates (MCP) coupled to a phosphor. The structure of 
the MCPs is a hexagonal array of 12pm diameter 'pores' of 15pm separation. A typical 
photon event at the phosphor has a spatial FWHM of ~60pm. This event is detected by a 
Fairchild 222 CCD which consists of a 380 x 244 array of 30pm x 36pm photosites. An 
individual event is centered to within half a photosite, thus resulting in an effective array 
with 760 x 15pm pixels in the dispersion direction. At a typical reciprocal dispersion of 
16.7 Ä mm-1, this implies ~0.25A pixel-1 or ~18.7 km s-1 pixel-1 in the region of 
interest Taking two pixels as a theoretical resolution limit (=0.5 A) results in a minimum 
slit width of ~505pm. For our observations we employed slit widths between 550 and 
650pm, depending upon the seeing, which corresponded to projected widths of 1.8 to 
2.3 arcseconds. The best acheivable resolution thus varied from 0.55 to 0.65Ä, or 41 to 
49 km s’1. Gaussian FWHMs of representative unblended and unsaturated arc lines were 
typically ~45 km s-1.
Out of a total of 19 bright F-K stars satisfying our selection criteria (viz. mv < 9-10, 
spectral type F-K, positional coincidence with MC error diamonds),the three noted above
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Figure 5.3 X-ray field for 1H0543-289 showing the MC error diamonds and LASS 
error box. The V = 9.05 star HD39576 lies at; 
o(1950) = 05h 50m 19s 5(1950) = -28° 40' 02"
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above showed clear evidence of chromospheric activity in every spectrum we obtained. 
Representative summed spectra of these stars are shown in Figure 5.4. We have adopted 
the Call emission classification scheme of Heamshaw (1979) in an attempt to relate these 
stars to other known or suspected RS CVn systems. As Heamshaw's classification 
scheme is based on lower resolution spectra (60 Ä mm-*) than our data, we have first 
convolved our spectra with an appropriate Gaussian (FWHM -  2.4Ä) before classifying 
the emission strength. We estimate the average emission strength of HD113816, 
HD146413 and HD39576 as Class A, C and D respectively. We further note that the 
emission strength of HD 146413 varies at least over one class and that our data obtained 
in good seeing reveal that both components of this visual binary (ADS 9982) exhibit 
Call emission.
We also paid particular attention to the luminosity discriminant line SrH >4077. The 
MK classification uses the strength of this line with respect to the neighbouring Fel lines 
(>,4045, >.4063 and >.4071) to infer luminosity for F-K stars. For HD146413 and 
HD39576, a dwarf classification is consistent with our measurements, while for 
HD113816, the increased strength of the SrII feature indicates a somewhat higher 
luminosity, IV to in.
5.4.2 Radial Velocity Study
A radial velocity study of each star was initiated upon discovery of chromospheric 
activity. Coud6 data were obtained, as described in the previous section, from 1984 
January to 1985 January and were wavelength calibrated using Fe-Ar arc spectra taken 
before each stellar exposure. Individual spectra of the stars had typical signal to noise 
ratios of 10 to 50, except for the 1984 July data for HD113816 and HD146413, which 
had a decreased signal to noise of ~2 due to bright moon conditions. Two cross 
correlation methods (Simkin 1974; Tonry and Davis 1979) were used to determine radial 
velocity variations for the three stars over the spectral region >.3900 to >.4030. The 
difference in the two methods basically resides in the determination of the position of the 
cross correlation function (CCF); either by finding its maximum or fitting a parabola. 
The templates used in the stellar cross correlations were high signal to noise spectra of the 
radial velocity standards BS4546 (HD102964), a  TrA (HD150798) and ß Lep 
(HD36079). Before the cross-correlations were performed, each spectrum was Fourier 
transformed and filtered in frequency space to remove both the high frequency noise 
component plus the lowest frequencies responsible for continuum variations and broad 
spectral features. The resultant back-transformed data thus consisted of sharp features 
and a flat continuum. Heliocentric corrections were applied to all the data. The two 
cross-correlation methods gave virtually identical results, well within the errors. The 
same cross-correlation techniques applied to all the wavelength calibrated arc data resulted
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Figure 5.4 Representative coude spectra in the region of Call H and K for the three 
proposed optical counterparts; (A) HD113816, (B) HD 146413 and (C) 
HD39576.
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in a standard deviation of 2 km.s-1. The radial velocity standards, cross correlated 
amongst themselves, gave velocities to within ~2-3 km s_1 of their published values. The 
velocities of the program stars using different templates were also found to agree within 
the same limits. The individual errors derived using the cross correlation techniques are 
typically ~4 km s_1 or 0.2 pixels. These errors represent how well the normalized CCF 
can be centered, and as such depend on the extent to which the CCF peak is smeared, for 
whatever reason. The errors quoted are probably over conservative, particularly when 
we consider the velocity agreements outlined above. We note that the best result 
achieved with the M t Stromlo system is ±0.1 pixels. This limit is set at present by the 
systematic errors in the event centering algorithm of the PCA itself. The requirements of 
filtering the higher frequency coherent noise associated with this effect probably degrade 
the final accuracy to which stellar spectral features can be centered and hence effectively 
broadens the CCF.
In Table 5.1 we present the radial velocity data for all three stars. A discussion of 
these data is deferred until later (§5.5.3).
5.4.3 Photometry
Broad band photoelectric photometry was conducted on all three stars for the 
purposes of obtaining colors. The 0.76 meter folded Cassegrain telescope at M t Stromlo 
Observatory and the 1.0 meter Cassegrain at Siding Spring Observatory were employed 
with a single channel and dual channel photometer respectively. Measurements were 
made in the UBVRCIC (Cousins 1976) system using an RCA C31034R GaAs 
photomultiplier on the 0.76 meter and a Hamamatsu R934-02 and identical RCA GaAs 
photomultiplier on the 1.0 meter telescope. Conversion from the instrumental to standard 
system was achieved by observing E-region (Cousins 1973, 1976; Graham 1981) and 
equatorial (Landolt 1983) standard stars. We have adopted Taylor's (1986) conversion 
formulae to derive the V-R and V-I indices in the Johnson (1966) system. Later in this 
paper we use the (V-R)j index in the Bames-Evans relationship to determine the stellar 
angular diameters. The effective temperatures of the stars have been estimated from 
Cousins' (V-R)c index using Bessell's (1979) calibration. The results are very close to 
the values derived following Johnson (1966).
Subsequent to our broad-band photometry, intermediate band colors in the DDO 
system (see, for example, McClure 1979) were obtained at Siding Spring Observatory 
using the 2.3 meter telescope and employing a GaAs Hamamatsu R934-02 
photomultiplier. The results from this work have enabled us to determine luminosity 
classes for each of the stars.
The galactic latitudes of the three stars (b ~+58°, +39° and -24° respectively for 
HD113816, HD146413 and HD39576) means that the reddening will be quite low, and
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TABLE 5.1
Radial Velocity Measurements
HD113816 HD146413 HD39576
M J.D . V M J.D V M.J.D. V
(km s 'l) (km s'l) (km s‘ l)
45720.4811 24 ± 4 45786.7977 10 ±5 46032.7239 0 + 4
45720.6898 26 ± 4 45814.7744 7 ± 6 46073.5234 -11 ± 5
45721.7173 23 ± 4 45815.6314 16 ± 5 46074.5543 -3 ±5
45786.6788 29 ± 3 45815.6633 20 ± 5 46074.6901 -20 ± 3
45787.7016 25 ±5 45887.4973 9 ± 4
45814.6730 26 ± 4 45887.5211 10 ± 3
45815.6974 28 ± 4 45887.5523 11 ± 4
45887.4324 17 ± 2 45889.4187 6 ± 4
45887.4568 19 ± 2 45889.4503 5 ± 6
45889.3776 26 ± 2 45918.4404 14 ± 6
45919.3933 32 ±5 45919.4587 12 ± 6
45920.3870 41 ± 2 45919.4775 12 ± 6
45920.4054 42 ± 2 45920.4262 12 ± 4
46073.7366 37 ± 9 45920.4389 12 ± 4
46074.7289 19 ± 5
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from Burstein and Heiles (1980) we estimate upper limits to E(B-V) of 0.03, 0.04 and 
0.03 respectively.
We have plotted the DDO colors of our three stars onto McClure and Forrester's 
(1981) two-color diagrams. For HD 113816, the position is in the region of class IV and 
III stars. This is consistent with its place in Fekel, Moffett and Henry's (1986) V-R 
versus B-V diagram, where it lies with other chromospherically active giants which are 
all systematically redder in V-R than the field giants. We have therefore classified 
HD113816 as K2 IV-m. For HD146413 and HD 39576, the DDO colors imply a class
V for both, although less well defined for the latter where class IV may also be 
admissable. Combined B VRI and DDO colors for these stars are consistent with the K5
V and Gl V spectral classifications found in the literature. In Table 5.2 we present the 
results for all three stars and include values found in the literature.
5.4 .4  Ca IIH  and K emission fluxes
As pointed out in the Introduction, Ca II emission fluxes are a useful chromospheric 
activity diagnostic. To make use of empirically determined relationships between these 
fluxes and such quantities as soft X-ray flux and X-ray emission measure, we have used 
a number of high quality spectra to measure the Ca II fluxes. These spectra were 
calibrated to an absolute flux scale by using observations of secondary flux standards 
(Oke and Gunn 1983) observed under identical conditions and similar airmasses during 
the same night. A mean extinction was applied and gross pixel-to-pixel variations were 
removed, if present, before calibration using a long exposure flat field.
We have measured the total flux in the interval between Hj and minima as in 
Linsky et al. (1979). A Gaussian fitting algorithm was also employed to determine 
wavelengths, fluxes and equivalent widths of the Call emission and absorption features. 
The emission fluxes in this latter method are therefore defined in a similar manner to 
Blanco et al. (1974, 1976). Results from both methods are given in Table 5.3. We note 
that for HD39576, the weakness of the emission cores results in larger statistical errors 
when fitting a Gaussian.
The fluxes at the Earth thus measured (f) are converted to stellar surface fluxes (F) by 
employing the Barnes-Evans relationship between angular diameter and apparent 
brightness and color of the star (Barnes and Evans 1976; Barnes, Evans and Parsons 
1976). We have:
log <}> (milli-arcsecs) = 0.4874 - 0.2Vo + 0.858 (V-R)j (0.0< (V-R)j< 1.26) [5.1] 
and, F = f(d/R)2 = f(4.125x 108/<j>)2 [5.2]
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where <j> is the stellar angular diameter in milli-arc seconds, VQ the apparent visual 
magnitude corrected for extinction, F the absolute surface flux, f the apparent flux at the 
Earth, d the distance to the star and R the radius. For the moment we assume that the 
active component contributes most of the flux, and therefore adopt this single star 
relation. Corrections for interstellar extinction are considered to be negligible for the high 
latitude presumed dwarf stars HD146413 and HD39576 and no more than 0.1 magnitude 
for HD113816 (see §5.5.4). Finally we follow the techniques used by Linsky et cd. 
(1979) and correct the inferred surface fluxes by subtracting the value of surface flux 
predicted by a radiative equilibrium model atmosphere. This correction is derived from 
the observed (V-R)j used with Figure 3 of Linsky et al. (1979). These final corrected 
fluxes, F'(H) + F'(K), represent the net radiative losses, or cooling rates, in the 
chromosphere due to Call H and K. We normalize these losses to the total surface flux 
of the star, oTeff4, thus arriving at the activity parameter, Rhk:
Rhk = [F(H) + F’(K)] / oTeff4 [5.3]
For each star, the measured flux and derived surface flux estimates are included in 
Table 5.3. We emphasize that our flux estimates are necessarily crude in comparison to 
spectrophotometry, and estimate errors of < ±0.2 dex in log(fjj + f^), a result 
comparable to Bopp's (1983) Call surface flux estimates for 19 RS CVn binaries. He 
maintained that fluxes could be estimated to ±50% from tracings of medium resolution 
(13 Ä mm-1) spectra on photographic plates. Since the logarithm of the flux is the 
quantity frequently related to other activity parameters, such large errors in flux are not so 
deleterious.
5.5 Discussion
5 .5 .1  The Optical Identifications
We firstly address the strength of our optical identifications. To date we have 
investigated ~100 MC fields accessible from Mt. Stromlo. For each field we scrutinize 
~50 MC error diamonds which are 2 - 4 arcmin2 in size. The total area is therefore <5.5 
degree2. What we must consider is the number of stars exhibiting Call emission at 
moderate resolution expected to be seen in this area, and hence the probability of a chance 
positional coincidence.
The total number of F-K stars at 5 < -26° listed in the three volumes of the Michigan 
Spectral Catalog (Houk and Cowley 1975; Houk 1978, 1982) as exhibiting Call H and 
K emission is 57, or ~5 x 10-3 stars degree-2. We note that ~75% of these stars appear in
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either Bidelman and MacConnell's (1973) or Weiler and Stencel's (1979) lists. The 
expectation number, n, for the total area under study is therefore ~0.06 resulting in a 
probability of ~3% for a false identification for the three stars. This argument is really 
only applicable for chromospherically active stars with Call emission strong enough to be 
seen on the Michigan prism plates. We consider that«rt least HD113816 (emission class 
A) would have detectable emission. If we consider RS CVn systems only, then adopting 
a space density of ~10-5 systems pc-3 (eg Walter, Charles and Bowyer 1978) results in a 
total surface density of RS CVn stars brighter than mv ~ 10 of 7.7 x 10‘3 systems 
degree-2. Therefore the probability of an RS CVn system falling in a diamond by chance 
is also ~5%. We conclude that the proposed optical identifications are very likely on 
statistical grounds. We note also that our identifications are supported by the optical and 
X-ray properties, and that no other viable optical counterparts were forthcoming 
following searches of individual diamonds for faint (V < 18m) UV excess objects.
5 .5 .2  Binarity
What is immediately obvious from the radial velocity results (Table 5.1) is the low 
amplitude velocity variations seen in HD113816 and HD146413 over a long time base.
We are confident of the reality of the larger velocities measured for HD113816 on 
1984 August 8. On that date we also observed the RS CVn binary HD5303 (Collier, 
Heamshaw and Austin 1981). Our cross correlation results for this system were reduced 
in a similar manner and showed a double peaked CCF consistent with the star's double 
lined spectroscopic binary classification. The velocity shifts of the dominant peak, 
corresponding to the cooler component responsible for the Call emission, were phased 
according to the ephemeris given by Collier, Heamshaw and Austin (1981) in their note 
in proof. These heliocentrically corrected velocities were found to superimpose exactly 
on their radial velocity curve for HD5303.
The data for HD146413 are consistent with a constant velocity. The velocities appear 
normally distributed with a mean value of -2 km s-1 and a standard deviation of ~3 km 
s-1. Our mean velocity is some 5 km s-1 less than the systemic velocity quoted in Abt and 
Biggs (1972) of 7 km s-1. Woolley and Symms (1937) have published an orbit for 
HD146413 (ADS9982 = Z2026) with the following parameters; P = 680 years, a = 
3.04" and i = ±131°. The system has a high proper motion, with the following values 
found in the literature; =G017-008, \i = 0".53, P.A. = 155° in the Lowell Proper Motion 
Catalog (Jenkins 1952, 1963), = LFT 1260 = LHS 3172, y. = 0".500, P.A. = 160.8° in 
Luyten (1955, 1979). The variability of Call line strengths in HD 146413 previously 
noted may arise from spectral contamination by the fainter visual component (B) during 
deterioration in seeing.
We initially pursue the hypothesis that these stars are RS CVn binaries. Following
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Heamshaw (1979), we estimate the probability that the semi-velocity amplitude, K, of a 
randomly chosen RS CVn of total mass M7  and orbital period P is less than K km s'*. 
The following expression (Heamshaw 1979) is used:
P ( K < K0 )
K0 (P / M r )1/3n
106.4 J J
[5.4]
If we adopt K0  -  15 km.s~l, a value consistent with our data for HD113816, then for a 
typical RS CVn system of mass ratio near unity with a total mass 2.4M0 and period < 
14 days, the probability of finding such a system with K < 15 km s"*, i.e. very low 
orbital inclination (i ~ 0°), would be ~0.1, i.e., low. If HD 113816 and HD 146413 are 
indeed classical RS CVn binaries, then we conclude they are probably of long orbital 
period and possibly low orbital inclination. For HD39576, the four velocities are 
insufficient to put limits on K but do suggest variablility.
We can compare our value of < 15 km s- * with the results of Collier-Cameron, 
Lloyd-Evans and Balona's (1986) systematic survey of Call emission line objects found 
by Bidelman and MacConnell (1973). Out of a total of 55 stars exhibiting Call emission, 
37 were binaries of which 11 show semi-amplitude variations < 15 km s 'l .  Young and 
Königes (1977) studied Call H and K emission in spectroscopic binaries and found that 
for periods < 100 days, 59% of all binaries showed Call emission, while it was virtually 
absent for longer period systems. The strongest emission objects were either sub-giants 
or giants with ~20 day periods or main sequence stars with periods < 5 days. They 
interpreted these results to imply that tidal coupling, and therefore chromospheric activity, 
is enhanced in stars with large ratios of star radius to Roche lobe radius; if this ratio drops 
to 15%, Call emission is virtually absent. The most active stars are sub-giant 
components of RS CVn binaries with periods < 20 days, a consequence of tidally 
induced orbital-rotational synchronism (Zahn 1977).
Our data for HD 113816 and HD 146413 do not conclusively establish these systems 
as RS CVn binaries; however, if they are they must belong to the long period group, i.e. 
P > 20 days. An alternative binary model may involve extreme mass ratio systems where 
the observed velocities are small. Such a model has been developed (eg. Walter and 
Basri 1981) for the extremely chromospherically active FK Comae systems (Bopp and 
Stencel 1981). This possibility is investigated in § 5.5.6.
Single star classifications are not inconsistent with Collier-Cameron, Lloyd-Evans 
and Balona’s (1986) discovery that ~30% of the Bidelman and MacConnell (1973) Call 
sample are single RS CVn-like objects with photometrically determined rotation periods 
in excess of 10 days. The rotation rates and velocity dispersions about the LSR of these 
stars are consistent with them having evolved from rapidly rotating late A to early F stars.
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We have investigated rotation in all three stars by examining the broadening of the 
normalized CCFs discussed in § 5.4.2. One of radial velocity standards, ß Lep, has a 
published vsini of 11 km s_1. We have measured the FWHM of this standard and our 
three stars with identical resolution. The observed broadening of the CCFs were 
quadratically corrected using the ß Lep data resulting in the following vsini estimates of 
30, 40 and 65 km s '1 respectively for HD113816, HD146413 and HD39576. Errors are 
likely to be < ±10 km s*1. Results obtained for the active FK Comae star HD32918 
(Cameron Collier 1982) using this method were in agreement with its listed vsini, within 
errors.
5.5.3 Call emission
The level of Call emission seen in our three stars is similar to that observed by Bopp 
(1983) in his survey of RS CVn systems. We note that for HD113816, the star we 
observe with the strongest core emission, only three of Bopp's sample, HD86590 
(KOV), HR8703 (K1 IV-HI) and HR6469 (F8), have larger surface fluxes. The visual 
binary, HD 146413, is not alone in having both visual components exhibiting Call 
emission. Hall, Zeilik and Nelson's (1985) catalog lists 12 out of the 84 RS CVn 
systems as visual binaries of which one (Capella) is listed as exhibiting Call emission in 
both components. Despite apparently weak emission cores, HD39576 would appear to 
have the largest Call surface fluxes. This is not so unusual when we consider that its 
earlier spectral type (Gl) leads to a greater photospheric contribution in the blue. If this 
star is indeed an RS CVn system, then the presence of a presumably earlier spectral 
type companion (F to G) will further dilute the contrast of the emission against the 
surrounding continuum and may explain the observed filling-in of the Call absorption 
lines, which are shallower than stars we have observed of similar spectral type.
A comparison of our stars with Linsky et al.'s survey, covering a wide range of 
spectral type and luminosity class (Linsky et al. 1979; Kelch, Linsky and Worden 1979), 
shows them to be very active indeed. They all lie above the mean active chromosphere 
relation in the normalized Call chromospheric loss - temperature (Rhk " logTeff) plane.
5.5.4 Predicted Soft X-ray Activity
Me we et al. (1981) and Schrijver (1983, 1985) have shown that a reasonably tight 
correlation exists amongst stars over a wide range of effective temperature and 
luminosity, between the Call H and K surface flux and the soft X-ray surface flux. 
Their data are based on narrow band measurements of Call H and K fluxes (Wilson 
1978; Vaughan and Preston 1980; Middelkoop 1982; Rutten 1984) using the Mt. Wilson 
H and K photometer (Vaughan, Preston and Wilson 1978) and 0.15-4 keV IPC or HRI
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fluxes. They define an excess Call flux, AFh +k > defined as the difference between the 
measured flux and some lower limit dependent upon luminosity and color. This minimal 
flux has been interpreted as originating in quiet non-magnetic Call networks (Mewe et al. 
1981) and therefore is unassociated with any X-ray emitting coronal loops.
Middelkoop (1982) and Rutten (1984) have compared Linsky et al.'s (1979) fluxes 
with those determined by the previous authors using the Mt. Wilson system on an 
overlapping sample of stars. Rutten obtains the following relation between the two 
systems:
Fh +Fr  (Mewe, arbitrary units) = 1.19 x 10-6[F£[l + Fj q ] (Linsky, ergs cm '2 s 'l)
[5.5]
We have used this relation to convert our fluxes, measured in a manner similar to 
Linsky et al., into the arbitrary units used by Mewe et al. (1981) based on the Mt. 
Wilson system. The excess flux AF^jr  was then derived by subtracting the minimum 
flux obtained using Rutten's (1984) surface flux - (B-V) diagrams.
Schrijver (1983) employed a common factor analysis to show that the relation 
between Fx and AFj jr  was independent of stellar radius or mass, and could be 
described as;
Fx = 3.4x105 AFh k1-67 [5.6]
From our derived values of AFj^r  we use the above relation to predict the level of 
soft X-ray flux. We have converted the surface flux thus obtained to a flux measured at 
Earth using equation [2]. This flux in the 0 .15 -4  keV band is then converted into a 2 
-10 keV flux, corresponding to the LASS instrument. We have achieved this by adopting 
a thermal spectrum with a temperature characteristic of an RS CVn corona. Majer et al. 
(1986) fitted single component thermal spectra to 24 RS CVn systems, obtaining 
temperatures in the range ~8x 10S 6 to ~6 x 107K. We have therefore adopted these two 
extremes plus a mean temperature of ~2 x 107K to investigate the range of 2 - 10 keV 
fluxes permissible. A value of Npj < 1019 H cm'2 was used for the class V (therefore 
closer) stars HD146413 and HD39576, consistent with that implied from the assumed H 
density (Paresce 1984) and distances derived in § 5.5.5. For HD113816, we have used 
Savage and Mathis' (1979) relation NH = 4.4 x 10s. E(B-V) and obtain a value of < 
1.4 x 1020 H cm*2, adopting the upper limit of E(B-V) -  0.03.
Following Schrijver (1983) and Majer et al. (1986), we determine the specific 
emission measure, ^ ;
S = e / 4?tR2 = Jne2 dv / 4ttR2 = Fx / E(T)
5-26
[5.7]
where E(T) is the cooling rate, or emissivity, of the plasma. We have derived a mean 
value of 1.7 x 10'23 ergs cm3 s_1 for E(T) in the 0.15 - 4.5 keV band from Majer et al. 
(1986) and the cooling curves of Raymond, Cox and Smith (1976) and have found that it 
is a slowly varying function of coronal temperature. Thus an incorrectly assumed 
temperature hardly affects the derived specific emission measure.
In Table 5.4 are the predicted X-ray fluxes, the excess Call fluxes and other relevant 
data. It is clear from these results that the level of soft X-ray surface flux predicted from 
the strength of the Call emission is 1 - 2 orders of magnitude lower than that measured. 
The only star that lies many sigma above Schrijver et al.'s (1984) logFx - log A F ^  fit is 
the strong Call RS CVn system, II Peg. Schwartz et al. (1981) have identified this 
highly variable star (Marstad et al. 1982) as a HEAO-1 transient X-ray source, one of the 
six hard X-ray variable systems discussed by Charles (1983), known at that time. The 
specific emission measures for our three stars are indicative of high activity when 
compared to Schrijver et al.'s (1984) stars. For example, the least active of our stars, 
HD146413, has a £ comparable to RS CVn, SZ Psc and II Peg. Such large C, values are 
characteristic of higher temperature coronae.
5.5 .5  Luminosities
Distance estimates have been made for all three stars based on the standard relation;
V - Mv = 51ogd - 5 + Av [5.8]
In the case of HD113816, we have used Janes (1974) tables of Mv given for various 
combinations of the DDO colors C0(45-48) and C0(42-45) to derive an absolute visual 
magnitude for HD113816. We have adopted the corrections subsequently suggested by 
Janes (1979) and have corrected for a reddening of E(B-V) ~0.03. The result is Mv = 
2.1, and assuming a standard conversion of Av = 3.3E(B-V) (Allen 1973), we derive a 
distance of ~ 165 pc. For HD 146413 and HD39576, distances are determined in a similar 
manner, with Mv derived from Allen (1973) based on our spectral classifications (Table 
5.2). Assuming a class V for both stars gives distances of ~30 and -85 pc respectively, 
and if we accept the possibility of a class IV for HD 39576, then a distance of ~ 162 pc is 
implied.
The published dynamical parallax for HD146413 is CT.036 (Jeffers, van den Bos and 
Greeby 1963), in close agreement with the spectroscopic (Abt and Biggs 1972) and 
photometric (Eggen 1965) parallaxes and consistent with the rough determination above. 
We have therefore adopted a distance of 28 pc for HD 146413.
We have calculated the luminosities in the 2 - 10 keV band from the observed LASS 
fluxes and our distance estimates. Bolometric luminosities were derived from the Mv
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values and bolometric corrections from Allen (1973). The Lx/Lb0i values are all 
characteristic of high activity and compare with the most active short period RS CVn 
systems (Walter and Bowyer 1981).
Finally we estimate the stars' radii from the distance and (p, and derive the emission 
measures, e, using equation [5.7]. In Table 5.5 we present all of the above information.
5.5.6 Flares: comparison to other systems.
In § 5.5.4 we have argued that the observed X-ray fluxes are higher than predicted 
solely on the basis of chromospheric activity, as indicated by the C all emission. In an 
effort to understand these observations, we discuss below several systems which we 
consider to be similar.
All of the six variable hard X-ray emitting RS CVn systems discussed by Charles 
(1983) have Lx values in the range ~4 x 1031 to ~8 x 1033 ergs s 'l .  Several of these 
stars have been observed to flare at X-ray wavelengths, with decay timescales typically 
much longer than the classical dMe flare stars, of the order -lO 4 seconds (Stem 1983). 
One well observed dMe system is Proxima Centauri, where an increase in soft emission 
and hard X-ray "bursts" are observed during flares (Haisch 1983). Pye and McHardy 
(1980) have reported a flare from a  Gem detectable for ~8 hours while H R 1099 has been 
associated with the bright transient 4U0336+01, which has been known to last for ~1 
week.
One well studied system is HO 123+075, identified by Garcia et al. (1980) as the V = 
7.28 RS CVn, HD8357. This source was observed by three of the HEAO-1 instruments; 
LA SS(A l), MC(A3) and A2(soft) during January 1978. Over the interval January 9 to 
January 15, two flares were detected, separated by ~2.5 days, with fluxes of ~1.2 x 
- lO-10 and ~6.8 x 10~10 ergs cm-2 s_1 in the LASS 0.5 - 20 keV band (Ambruster,-Snyder 
and Wood 1984). Garcia et al. (1980) saw the second flare reported by Ambruster et al. 
as a 7 a  detection in the 0.9 - 5.5 keV band and 2 .5a in the 5.5 - 13.3 keV band. 
Furthermore, the source was detected above the quiescent level for a period of -1 4  hours 
at a flux >3.6 x 10 '11 ergs cm-2 s'*.
The already mentioned (§ 5.5.4) active star II Peg has been identified as the 
counterpart to A0000+28 by Schwartz et al. (1981) based on a HEAO-1 LASS and MC 
observation. This V=7.2 RS CVn was observed by LASS in the first scan and detected 
in MC2 only, at 3 .8a  in the hardest (5.5 - 13.3 keV) energy channel. The authors 
deduce a hard source spectrum of kT > 7 keV (ie T ~108 K). Stem, Underwood and 
Antiochos (1983) report that the V=8.34 RS CVn HD27130 flared during Einstein 
Observatory IPC and MPC observations to ~35 times the quiescent X-ray flux, peaking 
at -4  x 10 '11 ergs cm '2 s '* . They also observed a hardening of the spectrum, with a 
flare temperature of 107-5 to 108 K implied by the MPC 1 - 1 0  keV data.
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Finally we discuss the very' soft X-ray source, H1708+49, observed by HEAO-1 A2 
(soft) and subsequently identified by Stem et al. (1981), using the Einstein Observatory', 
with HD 155638, later classified as an RS CVn binary. The A2 observation showed the 
source to be very soft, being detectable only in the 0.16 - 0.4 keV LED at a flux of ~2 x 
10"11 ergs cm"2 s_1, with a temperature <> 106-8 K. This implies a 2-10 keV flux of < 5 x 
10"12 ergs cm-2 s*1, assuming a one-temperature model and negligible absorption as 
would be expected for this close (d < 120 pc) high latitude (b -  +36°) star. We report 
here that the HEAO-1 MC experiment also detects HD155638 during the first two all-sky 
scans. HD 155638 appears only in the two softer energy channels (0.5 - 5.5 keV) while a 
second source, Arp 102B, is detected weakly during all three scans, but only in the 
hardest (5.5 - 13.3 keV) channel, and is also observed by the IPC at a flux level of 2.2 x 
10"12 ergs cm-2 s'*. The LASS catalog lists a source 1H1712+490, which although 
positionally coincident with HD155628 and H1708+49, is identified with the galaxy 
cluster Abell 2251. We consider this identification unlikely given its large distance (z ~ 
0.2) and poor richness class (1), as reported by Johnston et al. (1983). Taking into 
account the above facts, we argue that the LASS flux is almost entirely due to 
HD 155638. Indeed we find that the MC data for the first scan (i.e. contemporaneous 
with the LASS observation)^ dominated by HD155638, particularly at softer energies 
where LASS was more sensitive. The LASS count rate for 1H1712+490 corresponds to 
a 2 to 10 keV flux of -  2 x 10"11 ergs cm-2 s 'l ,  well above the extrapolated A2 2-10 
keV upper limit ( < 5 x 10_ 12 ergs cm-2 s"1). This indicates the presence of a harder 
temperature component than the T < 10^-8 K plasma. HEAO-1 observed the source to 
be 5-10 times brighter than the Einstein IPC, which recorded a moderately hard source 
with a 0.4-4.5 keV flux of 5.6 x 10"12 ergs cn r2 s"1. Futhermore, the HEAO-1 A2 
experiment detected an additional soft component We interpret these results as evidence 
for soft flares in HD 155638 and further claim that the IPC result is consistent with the 
predicted quiescent flux based on the strength of the Call emission.
The flare model developed by Uchida and Sakurai (1983) has high temperature 
plasma confined to magnetic flux tubes connecting the two stars of an RS CVn binary. 
Energetic flares result upon magnetic reconnection. Flares of such large spatial extent 
are supported by H a and VLBI microwave observations (Linsky 1983). At this point it 
is worth mentioning the extremely active, fast rotating FK Comae stars. Bedford, Elliot 
and Eyles (1985) point out that four of the five FK Com stars known at the time had been 
observed at X-ray wavelengths and found to be X-ray emitters. The system they 
discuss, HD32918 (which is detected by the HEAO-1 MC and LASS experiments), was 
observed by them with EXOSAT from which they determine a coronal temperature of 1.2 
x 107 K. Fortuitously, an EXOSAT observation of another source by us had HD32918 
in the field of view of the LE imaging instrument; however, we did not detect HD32918 
during the 104 sec exposure, implying a 3g upper limit 0.1-2 kev flux of 3.7 x 10"11
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ergs cm-2 s*1. Flares at H« have been observed by Ramsey and Nations (1981) in FK 
Comae itself. It remains to be seen whether single star models for FK Com stars can 
accomodate flaring phenomena. The recent EXOSAT observation by Landini et al. 
(1986) of an X-ray flare from the presumed single chromosphericaliy active star 7t1 U 
Ma, although of lower energy, is the first detailed flare to be seen from a single star.
The X-ray properties of two of the sources we obser/ed, H I613+075 and 
1H0543-289, can be summarized as follows: 1.) Hard sources; seen in all three channels 
of the MC (0.9 - 2.5, 2.5 - 5.5 and 5.5 - 13.3 keV). 2.) Variable by factors of at least 3 
times. For 1H1303-047, we list its pertinent properties as: 1.) A softer source seen only 
in the 0.9 to 2.5 keV channel of the MC, but also in the LASS 2 - 1 0  keV band. 2.) 
Possibly variable; brighter in the second scan.
We see from the above comparisons that the properties of two of our sources are 
entirely consistent with hard recurrent flaring RS CVn systems. The softer source 
1H1303-047 has properties similar to H1708+49, which we have established is a soft 
flaring source. Their presumed optical counterparts (HD113816; K2 IV-III and 
HD 155638; G 8-9 V-IV, respectively ) are also very similar. Presumably a softer source 
temperature must characterise these flares.
The HEAO-1 observing windows for the three sources were 7, 4 and 8 days each 
scan (ie. every six months) respectively for 1H1303-047, H1613+075 and 1H0543-289. 
If we assume the quiescent X-ray emission flux, as predicted by the Call flux, is below 
the detection threshold of the MC experiment, then if the origin of the observed X-rays is 
flare activity, constraints can be made on the flare frequency. A minimum duty cycle of 
-0.14 flares d a y 1 is implied for 1H1303-047 and 1H0543-289, while for H1613+075 it 
is -0.25 flares d a y 1, assuming flare timescales of >10* seconds. In practice, for a 
significant MC detection in the observing window, a higher frequency would probably be 
necessary. The flare frequencies required are in fact observed in RS CVn binaries. 
Variations in the total flare energy and decay timescales will also determine detectability 
of flares.
5.6 Summary Remarks
We have argued that the three HEAO-1 MC sources reported in this paper are all 
chromosphericaliy active stars with Call emission strengths comparable to the most active 
stars known, namely the RS CVn binaries. However, the chromospheric activity of the 
optical counterparts is unable to explain the level of X-ray flux observed based only on 
the empirical relations between Call and X-ray fluxes. Our X-ray observations can be 
explained in terms of a recurrent flare model. The optical and X-ray properties of known 
flaring RS CVn and related systems are similar to those of the three sources and their 
optical counterparts discussed in this paper. Although we have not conclusively
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established binarity in these stars, at least two, HD113816 and HD39576, show evidence 
suggesting it.
The rotation period of these stars, probably the single most important parameter, 
remains to be established. Future photometric monitoring of these stars to investigate the 
so-called photometric wave attributed to starspots is clearly important in determining this 
parameter. Radio observations would also be invaluable for investigating the flaring 
phenomena and, of course, future X-ray observations. High resolution Schelle 
spectroscopy is currently underway to determine more precisely vsinz and to investigate 
the nature of the H a line.
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CHAPTER 6
Identification of Two Southern X-ray Emitting  
Cataclysmic Variables
6.1 Abstract
We report the optical identification of two faint HEAO-1 X-ray sources with previously 
uncataloged cataclysmic variables. The identifications were made on the basis of 
positional data provided by the HEAO-1 Scanning Modulation Collimator experiment. The 
two cataclysmic variables, 1H0542-407 and 1H0534-581, have average V magnitudes of 
-15.7 and -14.9, and have similar high excitation spectra with moderate to strong 
HeIlX4686 emission.
We have undertaken EXOSAT X-ray measurements and multicolor optical photometry 
for both objects. These observations establish 1H0542-407 as a new DQ Herculis 
magnetic variable having a white dwarf rotation period of -1920 s and an orbital period 
near 6.2 hr. 1H0542-407 is unusual among DQ Her systems in having a large soft X-ray 
pulse fraction of -70% semiamplitude below 1 keV. No definite X-ray or optical 
periodicities were detected from H0534-581, but it appears to be either a nova-like 
variable or a DQ Her system. Last, we note that both cataclysmic variables have very 
hard X-ray spectra (kT > 10 keV), with evidence for iron line emission at -6.7 keV from 
1H0542-407.
6.2 Introduction
Although the active mission of the HEAO-1 satellite terminated in 1979, ongoing 
analysis of data from the Scanning Modulation Collimator (MC) experiment (Gursky et 
al. 1978; Schwartz et al. 1978) continues to yield important new positional results. 
Aided by coarse X-ray positions (few tenths of a square degree) that have recently become 
available from the HEAO-1 Large Area Sky Survey A-l experiment (Wood et al. 
1984), we have produced error diamonds for about 300 sources having 2-10 keV fluxes 
as weak as 2 x 10‘11 ergs cm-2 s '1, or roughly 1 fiJy at 4 keV. The multiple, 
diamond-shaped MC locations reduce the positional uncertainty by a factor 10-80, 
depending on the significance of detection. Schwartz et al. (1985) discuss how the 
independent source existence measurement of the A-l experiment allows the MC to 
produce reliable positions down to a 3a threshold.
We are attempting to identify as many optical counterparts of the fainter A-3 sources as 
possible to determine relative source populations and to isolate objects of particular 
astrophysical interest. The search techniques being used are described in detail by 
Remillard et al. (1986). Most of our identifications have been of BL Lac objects and
other active galactic nuclei (Schwartz et al. 1984a; Remillard et al. 1986), with significant 
numbers of sources also identified with stellar objects such as RS CVn systems (Buckley 
et al. 1986) and Be star binaries. We have recently discovered four new cataclysmic 
variables (preliminary announcements by Schwartz et al. 1984b andTuohy et al. 1985), 
in addition to six earlier MC discoveries. This paper discusses the identification, and 
subsequent X-ray (EXOSAT) and optical observations, of the two new southern objects, 
1H0542-407 and 1H0534-581.
63 . Optical Identification and Spectroscopy
6.3.1 1H0542-407
1H0542-407 was discovered by HEAO A-l experiment (Wood et al. 1984) and was 
also detected by the A-3 experiment at significance levels of 2.4a and 4.0a in the 30" 
(MCI) and 2' (MC2) modulation collimator arrays respectively. The A-3 results were 
obtained by summing the 0.9-5.5 keV data from three 11 day scans of the source during 
the period 1977-1979. We estimate the 2-10 keV flux as 2.1 x 10'11 ergs cm '2 s_1, 
based on the countrate in the A-l detectors (Wood et al. 1984). Figure 6.1a depicts the 
A-l and A-3 error regions for the source. As part of our procedure to isolate UV-excess 
objects, we obtained a double exposure U/B plate of the field using the 26"/20" Uppsala 
Schmidt telescope at Siding Spring Observatory. Inspection of the plate revealed a very 
blue star lying near the center of an A-3 error diamond, although well outside the A-1 
error box.1 A finding chart and coordinates for the object are given in Figure 6.2b.
A low-resolution ( ~10Ä FWHM) spectrum of the candidate star was obtained on 1984 
October 19 using the 3.9 m Anglo-Australian Telescope (AAT) and the RGO 
spectrograph with the Image Photon Counting System (IPCS). The seeing was £ 1".5, 
and the spectrograph slit of projected width 2" was aligned at a position angle of 196° to 
exclude light from a nearby star of comparable.brightness lying ~3" to the west. Figure 
6.3a shows the spectrum which has been calibrated using a white dwarf standard 
(L745-46A; Oke 1974). The object is unquestionably a cataclysmic variable and is 
distinguished by having particularly intense Hell Ä.4686 emission. All of the emission 
lines show broad and narrow components, with the broad components contributing 
~20% to the total line fluxes. We have fitted the individual emission lines with double 
Gaussian profiles to produce the equivalent widths and velocity widths summarized in 
Table 6.1.
Immediately after our observation of 1H0542-407, we obtained a brief spectrum of
the neighbouring star lying to the west. The spectrum is free of contaminating emission 
JWe have reviewed the positions of previously identified, faint HEAO-1 sources for comparison with 
their respective A -l error boxes, and we conclude that the A -l boxes are significantly underestimated. 
The RMS deviations in the positions o f HEAO A-3 identifications, and also identifications claimed in 
the A -l catalog itself (Wood et al. 1984), require an increase in area by a factor ~3.5 if the A -l error boxes 
are to contain 90% of the optical counterparts.
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Figure 6.1a
Figure 6.1b
HE AO A-l error box and the multiple A-3 diamonds for 1H0542-407. 
A cross indicates the location of the cataclysmic variable.
X-ray error boxes for H0534-581 determined by the HEAO A-2 
(H0534-581) and HEAO A-l (1H0538-577) experiments, shown with 
the A-3 error diamonds. The position of the cataclysmic variable is 
marked by a cross.
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Figure 6.2 Finding charts for 1H0542-407 (a) and H0534-581 (b) reproduced 
from the SRC-J survey. The dimensions of each chart are 
approximately 14' x 14'. North is at the top and east is to the left. The 
1950 positions of the two cataclysmic variables, measured by the AAT, 
are 1H0542-407: cc=05 41 44.5, 5=-41 03 13; and H0534-581: cc=05 
34 02.4, 5=-58 03 33. Note that for 1H0542-407, the optical 
counterpart is the easternmost of the unresolved pair (separation -3").
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Figure 6.3a AAT spectrum of 1H0542-407 obtained on 1984 October 19, 
1724-1734 UT.
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Figure 6.3b AAT spectrum of H0534-581 obtained on 1984 February 8, 1207-1232 
UT.
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lines from the cataclysmic variable and shows the star to be late-type, with an approximate 
spectral classification of F/G. Integration of our spectra for both 1H0542-407 and the 
neighbouring star shows that the relative V magnitudes of both objects were identical to 
within 0.1 mag at the time of the two measurements. This information is used later in the 
chapter for determining approximate photometric magnitudes of the two stars.
Additional AAT observations of 1H0542-407 were undertaken on 1984 December 15 
using the Pockels Cell Spectropolarimeter to search for polarization. This instrument 
and the associated data analysis procedure are described by McClean et al. (1984). Our 
medium-resolution (~5 A FWHM) spectrum and the accompanying circular polarization 
data are displayed in Figure 6.4. No polarization was detected, and we can set a 3g 
upper limit of 1% to the mean circular polarization between 4000 and 6000 A.
6.3.2 H0534-581
H0534-581 was discovered by Marshall et al. (1979) in the HEAO A-2 data base.
It was also detected by the A-l experiment (Wood et al. 1984), and by the A-3 
modulation collimator arrays at significance levels of 3.5a (MCI) and 5.2g (MC2). The 
A-3 detections were obtained by summing the 2.5-13 keV data from three 30 day scans 
over the source region. We estimate the equivalent 2-10 keV flux at 2.8 x 10"11 ergs 
cm*2 s '1. The A-l and A-2 error boxes and multiple A-3 error diamonds are shown in 
Figure 6.1.2. A very blue ~15 mag star was isolated from a U/B plate of the field taken 
using the 36"/24" Schmidt telescope at CTIO. The candidate lies at the edge of an A-3 
error diamond, which itself lies near the center of the A-2 box, but outside both 
dimensions of the A-l box. The coordinates and finding chart for the object are given in 
Figure 6.2.2.
A low-resolution spectrum of the candidate star was obtained on 1984 February 4 
using the 60" telescope at CTIO. This spectrum clearly showed the object to be a 
cataclysmic variable. Subsequently, on 1984 February 8, we obtained three consecutive 
500 s spectra of the star using the AAT. The combined AAT spectrum has been 
calibrated using an Oke standard (L745-46A) and is depicted in Figure 6.3.2. Moderately 
strong He n X4686 emission is evident, together with the usual intense emission lines and 
blue continuum typical of many cataclysmic variables. All of the emission lines show a 
broad and narrow component, with the broad component accounting for ~20% of the total 
flux in the line. Parameters for the emission lines, determined using the same procedure 
as for 1H0542-407, are included in Table 6.1
6.4 EXOSAT Observations
Following our identification of 1H0542-407 and H0534-581 as cataclysmic variables, 
both objects were observed by EXOSAT to investigate their X-ray temporal and spectral
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properties. EXOSAT is ideal for such studies of cataclysmic variables, since the 3^8 
spacecraft orbit allows long exposures which are uninterrupted by Earth occultation. 
Accordingly, 1H0542-407 and H0534-581 were observed continuously for ~12 hr and 
~8 hr, respectively. Simultaneous optical photometry from Siding Spring Observatory 
was attempted for both sources, but was only successful for 1H0534-581.
The EXOSAT data from the LE1/CMA telescope (de Körte et al. 1981) and the ME 
experiment (Turner, Smith and Zimmerman 1981) were analyzed using the Interactive 
Analysis System at the European Space Operations Center (ESOC). Additional reduction 
of time series files produced by the ESOC software was undertaken at MSSSO. It is 
remarked at the onset that since these files contain time discontinuities, the temporal 
analysis was accomplished by epoch folding rather than by using Fourier techniques (the 
same situation applies for the optical data reported later in §6.5).
6.4.1 1H0542-407 X-ray Image
An X-ray image of the 1H0542-407 field was obtained with LEI on 1985 February 23, 
0307-1501 UT, using the 3000 Lexan filter, which provides broad-band sensitivity 
between 0.1 and IkeV. This exposure revealed a prominent point X-ray source of 
intensity 0.0102 ± 0.0006 counts s"* lying at a position of a=05^41m45sl, 8= -41° 
03'04"0 (1950.0). The cataclysmic variable (§3.1) lies within the ~15" error radius for 
the X-ray position. Thus our identification of the HEx\0-l X-ray source is confirmed. 
We note that a second X-ray source having an LEI intensity of 0.0039± 0.0007 counts 
s '1 was detected 13'6 to the north of the cataclysmic variable. Since this source, 
designated as EXO054147-4049.5, is a factor of ~2.6 fainter than the cataclysmic 
variable, it is not likely to have significantly affected the HEAO-1 detections.2
6.4.2 1H0542-407 Time Series Analysis
Time series data from the LEI exposure of 1H0542-407 were produced by subtracting 
the background contribution (averaged over an annular region centered on the source) 
from a circular area containing the source and binning the residual counts into 10 s 
samples. A plot of the resulting data (Fig. 6.5.1) showed immediately the presence of 
strong and persistent pulsations of variable amplitude at a period near 2000 s. 
Accordingly, the data were folded over a range of trial periods between 100 and 10,000s 
to investigate the modulation. The folded light curves were tested against a constant source 
model, and the ensuing plot of chi-squared (%2) versus period for the range 1500-2500 s 
is shown in Figure 6.6.1. A dominant y} peak is evident at a period of 1920 ± 20 s,
2 Following AAT spectroscopy (3400-10,000 Ä) on 1986 February 7, we have identified 
EXO 054147-4049.5 with a V -  17.2 QSO showing a single prominent and broad line at 
a wavelength of 7215 Ä. If this line is Mg II A.2796, the implied redshift is z = 1.58.
6- 13
Figure 6.4 Spectropolarimetry of 1H0542-407 obtained using the A AT on 1984 
December 15, 1624-1659 UT. The circular polarization data in the 
upper panel have been binned into ~100Ä intervals, and representative 
± la  error bars are plotted.
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together with a second well-resolved peak at 2084 ± 30 s. No other peaks of 
comparable amplitude were found at other periods. The folded light curve corresponding 
to the 1920 s periodicity is displayed in Figure 6.7.1. The light curve is closely 
sinusoidal, with a pulse fraction of -70% semiamplitude.
The object 1H0542-407 was also viewed contemporaneously by the EXOSAT ME 
detectors between 0235 and 1522 UT. The two offset array halves (HI and H2) 
measuring the source and a nearby background region were interchanged during the 
observation such that both HI and H2 recorded two asynchronous pairs of 
source-background cycles. This procedure minimizes systematic errors in the background 
determination, and except for brief detector movements, the source was always being 
monitored by either HI or H2. Thus, by allowing for slight differences in the relative 
responses of the two arrays, it was possible to construct a continuous time series file of 
source intensity in 10 s samples, and also a combined measurement of the source 
spectrum. It is noted at this point that we cannot exclude the possibility of some 
contamination in both these sets of ME data from EXO 054147-4049.5 lying 13.6' away 
from the cataclysmic variable. If both sources have similar spectra, the contamination at 
most would be 21% (allowing for the reduced collimator response and the lower 
intensity of EXO 054147-4049.5).
Figure 6.5.2 shows the ME time series data between 1 and 9 keV. The ME data were 
folded over the same total period range as LEI, and the resulting %2 versus period plot 
for the interval 1500-2500 s is shown in Figure 6.6.2. Two peaks are evident once again. 
The first is consistent with the 1920s periodicity determined more precisely by the LEI 
data, while the second peak, which is more pronounced in the ME data, has a centroid of 
2120 ± 30 s. The ME light curve corresponding to the 1920s periodicity is depicted in 
Figure 6.7.2. The pulse fraction is ~20% semiamplitude.
The light curves for the 1920 s periodicity in the LEI and ME data (Fig. 6.7) are 
closely aligned in phase. However, the hard X-ray light curve is less sinusoidal, with a 
sharp and narrow minimum. We calculate a time reference for X-ray maximum, based on 
the folded LEI data, of HJD2,446,119.5917 ± 0.0021.
Both the LEI and ME data show clear evidence for a second and longer periodicity. 
The centroid periods inferred from the two instruments differ by -40 s, but are consistent 
with a mean value of 2100 ± 20 s. The close proximity of this second period to the 
pronounced 1920 s modulation is very suggestive of a beat phenomenon involving a much 
longer period of 6.2 ± 0.5 hr. Amplitude modulation of the individual LEI pulsations 
over nearly two -6.2 hr. cycles can in fact be discerned in Figure 6.5.1 and accounts for 
the pulse variability noted earlier. The modulation semiamplitude for the -6.2 hr 
periodicity is roughly 65% with a maximum at HJD2,446,119.67 ± 0.02. We note that 
the ME light curve (Fig. 6.5.2) also shows evidence for the 6.2 hr periodicity, 
particularly the first cycle where the maximum and minimum are approximately 
coincident with those of the LEI data. The -6.2 hr modulation semiamplitude in the ME
6- 16
Figure 6.5 EXOSAT time series for 1H0542-407 on 1985 February 23 obtained 
using LEI (a) and the ME (b). The data have been binned into 300 s 
samples and representative ±1g error bars are shown. Individual 
pulsations corresponding to the 1920 s periodocity (see text) are marked 
for the LEI data. Note the amplitude modulation of the pulsations at a 
period near 6.2 h.
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Figure 6.6 Chi-squared for 16 phase bins vs. trial period for the EXOSAT 
observation of 1H0542-407. Two periodicities are evident in both the 
LEI (a) and ME (b) data. Centroid values are 1920 s (LEI and ME), 
2084 s (LEI), and 2120 s (ME). Note that the shorter period is more 
pronounced than the longer period in the LEI data, whereas the 
converse is true for the ME data.
6- 19
CD LA O
LA I'"'
Q3dVnDS-IH3
CD LA CZ>
r \  hA
Q3yvnos-iH3
6-  20
16
00
 
18
00
 
20
00
 
22
00
 
24
00
Tr
ia
l
 
Pe
r
io
d
 
(s
e
c
o
n
d
s
)
data appears comparable to that of the LEI light curve in the first cycle but is evidently less 
during the second cycle. In summary, we conclude that an underlying periodicity of -6.2 
hr is present in 1H0542-407, in addition to the pulsation period of -1920 s.
We have performed a cross-correlation analysis of the LEI and ME data for 
1H0542-407. The two data sets were first co-aligned by binning the 10 s samples into 
successive intervals during the LEI/ME overlap period between 3.2 and 14.9 UT. 
Binning intervals of 100 s and 400 s were used, and a few missing samples were padded 
with the local mean. The data were then detrended using a third-order polynomial before 
computing the partially unbiased cross-correlation functions according to the prescription 
of Stella, Kahn and Grindlay (1984). The resulting functions are shown in Figures 
6.8.1 and 6.8.2 for short and long lag time scales corresponding to the 100 s and 400 s 
binning times. The low-and medium-energy data show a strong correlation approaching 
100% for time lags <200 s. Both figures show multiple peaks corresponding to the 
-1920 s periodicity, while the effect of the -6.2 hr modulation is apparent in Figure 6.8.2. 
Figure 6.8.1 also shows evidence for a time asymmetry in the sense that the low-energy 
1920 s pulsations lag those in the medium-energy band. Alternately, this asymmetry may 
well be a consequence of the differing pulse profiles in the LEI and ME energy ranges 
(Figs. 6.7.1 and 6.7.2).
6.4.3 1H0542-407 X-ray Spectrum
The total ME observation of 1H0542-407 provided high signal-to-noise ratio spectral 
data in the energy range 1.2-9.3 keV. These spectral channels, together with the single 
broad-band (0.1-1.0 keV) LEI data point, were fitted with both power-law and thermal 
brems Strahlung spectra, each with interstellar absorption. The resulting parameters and 
chi-squared values are summarized in Table 6.2, and the fitted power-law spectrum is 
plotted in Figure 6.9. The spectrum is clearly very hard. In fact, for a thermal model, the 
lowest values of y} were obtained for unbounded values of kT well above our energy 
range. We therefore quote a 90% confidence lower limit on kT of 10 keV. The 
interstellar absorption measured for both models is ~1 x 1021 cm-2 but is consistent with 
zero at the 90% confidence extreme.
Both the power-law and thermal spectra gave statistically acceptable fits to the 
combined LEI/ME data. Inspection of the residuals, however, indicated a local 
enhancement near the expected position of an iron emission line at -6.7 keV. 
Accordingly, and iron line of narrow width and fixed energy of 6.7 keV was added to the 
model spectrum to characterize this feature. A reduction in chi-squared from y} -  20.6 
(v= 23) to y} = 15.2 (v= 22) was achieved for a best-fit equivalent width of 0.40 keV. 
We therefore believe that the feature, which corresponds to a 3-4a enhancement relative to 
the local continuum, is a real iron line.
Using the best-fit parameters given in Table 6.2, we derive the following time-averaged
6-21
fluxes for 1H0542-407: 7.6 x 10'12 ergs cm-2 s"1 (2-10 keV). The average 2-10 keV 
flux is ~50% higher than that measured in 1977-1979 by HEAO-1 (§6.3.1).
6.4.4 H0534-581 X-ray Image
An X-ray image of the H0534-581 field was obtained with LEI between 1025 and 
1851 UT on 1984 November using the 3000 Lexan filter. A single point X-ray source 
with an intensity of 0.0252 ± 0.0012 counts s*1 was detected near the center of the field at 
a position of oc= 05h34m02s.3, 8 = -58 03'31"8 (1950). This position lies only 1" from 
our AAT position for the cataclysmic variable (§6.3.2), thereby confirming our 
identification of the HEAO-1 X-ray source. No other X-ray sources were found in the 
-1.5° field.
6.4.5 H0534-581 Time Series Analysis
LEI time series data with a sample time of 10 s were derived from the H0534-581 
image data in a manner identical to that described for 1H0542-407. Accompanying ME 
data were also acquired between 1005 and 1857 UT. Swapping of the ME array halves 
(HI and H2) to measure the background separately in each array was not possible during 
the H0534-581 observation. However, the on-source measurement by HI was 
preceded by an 80 minute spacecraft slew, which provided clean and simultaneous 
measurements of the background spectra in both array halves. A "difference spectrum" 
between these two data sets was used to calculate the background in HI throughout the 
1H0534-581 measurement from the background countrate in the offset H2 array. In this 
way, both a time series file of 10 s samples, and an X-ray spectrum were produced. The 
LEI and ME light curves are plotted in Figures 6.10.1 and 6.10.2 (discussed later).
A search for periodic behavior was made by folding the LEI and ME data at trial 
periods ranging from 100 to 10,000 s. No dominant y}  peak analogous to that for 
1H0542-407 was found in either data set. Smaller y} peaks were evident, but none are 
common to both LEI and the ME. These peaks occur at 5015 ± 40 s, 5610 ± 30 s, and 
8470 ± 100 s in LEI, and at 1325 ± 25 s, 2315 ± 30 s, 2670 ± 40 s, and 4610 ± 100 s in 
the ME. With the possible exception of the 1325/2670 s and 2315/4610 s peaks, none of 
the folded light curves for these periods appears plausible, and thus it is likely that they are 
artifacts resulting from statistical fluctuations in the data. In any event, we have 
determined upper limits for periodic X-ray emission by injecting sinusoidal signals into 
the LEI and ME data. The limits at representative periods between 100 and 10,000 s are 
summarized in Table 6.3 and correspond to a pulse fraction which produces a distinct y} 
peak comparable to those noted in the analysis above.
A cross-correlation analysis of the overlapping LEI and ME data between 10.5 and 
18.7 hours UT was undertaken for H0534-581 using an identical procedure to that
6-  22
Figure 6.7 Folded and background-subtracted 1920 s light curves for the EXOSAT 
observation of 1H0542-407 on 1985 February 23. The data for LEI 
(0.1-1 keV) are shown in (a), and for the ME (1-9 keV) in (b). Both 
light curves are plotted twice for clarity, and representative ± la  error 
bars are shown. The beginning of each light curve corresponds to 0200 
UT.
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described for 1H0542-407. Figures 6.11.1 and 6.11.2 show the cross-correlation 
functions for short and long lag ranges corresponding to data binning times of 100 s and 
400 s. The low-energy and medium-energy data exhibit a significant degree of 
correlation over a short time lag of < 100 s. No correlation on longer time scales is 
evident, with the possible exception of a broad peak in Figure 6.11.2 at a positive lag 
time of -3.6 hr. It seems unlikely, however, that this feature has real physical 
significance (e.g., an orbital period) since a corresponding peak is not present at a 
negative time lag.
The EXOSAT observation of H0534-581 coincided with successful photometry of the 
optical counterpart from Siding Spring Observatory (§6.5.3). The B band count rate (cf. 
Fig. 6.15.3) has been summed into 300 s bins to match the X-ray data and is plotted in 
Figure 6.10.3. Variability is evident in the X-ray data, but the low count rate and the 
absence of periodic emission makes an investigation of correlated optical behavior 
difficult. Nevertheless, it is clear that no substantial correlation between the X-ray and 
optical data is present. For instance, the decline of -40% in the mean B band flux 
between 1230 and 1500 is not evident in either the LEI and ME light curves, which 
remain constant to <20%. Similarly, the -80% flare in the B band flux at 1530 UT is not 
present in the LEI data (constant to <20%). An increase in the ME count rate is indicated 
during the optical flare, but the respective maxima are displaced by -10 minutes. We 
conclude from our simultaneous observations that the X-ray and optical fluxes from 
H0534-581 do not show a consistent correlation to within at least a factor of 2 on a time 
scale of order 10-60 minutes. We also note from the X-ray data of Figure 6.10 that there 
is no clear indication of an orbital period on a time scale of 1-4 hr.
6.4.6 H0534-581 X-Ray Spectrum
The ME spectral data for H0534-581, supplemented by the 0.1-1 keV LEI data point, 
were modeled in a manner similar to that described for 1H0542-407. Table 6.2 
summarizes the least-squares spectral parameters and chi-squared values for power-law 
and thermal models. Although the power-law fit is quite acceptable, there is a -2 o  positive 
deviation in the residuals near 6.7 keV. We do not claim detection of an iron line, but if 
this enhancement is real, it corresponds to an equivalent width of -0.4 keV.
Broad-band fluxes for H0534-581 corresponding to the power-law parameters in 
Table 6.2 are as follows : 5.4 x 10"12 ergs cm-2 s*1 (0.1-2 keV) and 2.9 x 10'11 ergs cm’2 
s_1 (2-10 keV). The 2-10 keV flux is almost identical to that measured by HEAO-1 in 
1977-1979 (§6.3.2).
6- 26
Figure 6.8 Cross-correlation analysis for the EXOSAT LEI and ME observations 
of 1H0542-407. The results for a data binning time of 100 s and a total 
lag of ±5000 s are shown in (a), and for a binning time of 400s and a 
total lag of ±20,000s in (b). Multiple peaks due to the 1920 s X-ray 
pulsations are evident in both plots.
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6.5 Optical Photometry
6.5.1 Instrumentation
Optical photometry of the two cataclysmic variables was undertaken using the Two 
Channel Chopper (TCC) at the Cassegrain focus of the 1.0 m telescope at Siding Spring 
Observatory (SSO). Additional data were also obtained during a commissioning run on 
the new 2.3 m telescope at SSO. On this occasion, the TCC was mounted at one of the 
two Nasmyth foci of the alt-az telescope.
A full description of the TCC will be given by Bessell (1986). Briefly, the instrument 
has eight selectable pairs of star/sky apertures which are separated by 141" (1.0 m) and 
61" (2.3 m). A four-sector chopper rotating at 18 Hz deflects the light beams from the 
pair of apertures into two independent filter/photomultiplier units in such a way that each 
photomultiplier samples both the star and the sky apertures alternately. Control of the 
instrument, including the two filter wheels, is by a PDP11 computer. A menu of data 
acquisition programs can be constructed to define repetitive observation cycles consisting 
of successive filter pairs and integration times.
For example, our acquisition cycle for measuring standard stars (Graham 1982; 
Landolt 1983) at the beginning and end of each night consisted of a sequence of five filter 
pairs, with the same filter being measured simultaneously in GaAs and S20 
photomultipliers; i.e., U : U(10), B: B(5), V : V(5), R : R(5), 1 :1(5), where the numbers 
in parentheses were the effective integration times in seconds for each tube. Because the 
two tubes are selected alternately by the chopper, the elapsed time to complete a pair of 
measurements was double the times shown, plus a small overhead factor.
The TCC measurements of 1H0542-407 and 1H0534-581 were conducted in an 
identical configuration for each object. A TCC acquisition cycle for the GaAs and S20 
photomultipliers was defined as follows:- B : B(5), U : B(10), B: V(5), V : R(5), R: 
1(5). This program had several advantages. First, the simultaneous pair of B 
measurements at the start of each cycle provided continual cross-calibration between the 
two photomultipliers. Second, the remaining four pairs of measurements in adjacent 
filters for the two tubes permitted U-B, B-V, V-R, and R-I to be determined on a 
simultaneous basis (i.e., rather than by measuring filter pairs sequentially in time). This 
feature of the TCC is particularly useful for the study of cataclysmic variables where 
significant intensity variations can occur in a time scale of seconds. Third, the relative 
phasing of the B measurements on the GaAs tube provided data in this filter at double the 
frequency available for the four colors. Specifically, the time between successive 5 s B 
measurements was ~40 s, compared with an overall cycle time of ~80 s between color 
measurements. Note that these times include overheads of ~10 s and ~20 s, respectively, 
corresponding to filter movements and data recording. This deadtime is slightly variable, 
and thus the data points are not precisely equispaced.
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Figure 6.9 Power-law spectrum fitted to the 1H0542-407 LEI and ME data 
obtained by EXOSAT (see Table 6.2). A 3-4g excess relative to the 
local continuum is evident at the expected position of a 6.7 keV iron 
line.
Figure 6.10 Intensity data for H0534-581 on 1984 November 18. The plots show 
EXOSAT 0.1-1 keV LEI (a) and 1-9 keV ME (b) data, together with 
overlapping B-band photometry (c). All data have been binned into 
~300 s samples. Representative ± la  error bars are plotted.
6- 30
1 T T T
1H0542- 607
I L » --------------------------------- 1___________1_______ 1 l 1 i  i i 1___________________ j___________ |_______ | i i i
01 1
Energy (keV)
i — i__
10
(A) LEI
'  / v \ r i
1
1 1 1 | 
i  i  i  i i
1 1
\
(B) ME
._________________1____ ____________ 1_______  l i
i i
/ i f f "
1 “ *  |-----
f v v j
n i
V
(C) B-band
- n J ^ J l r | | L A r
"V.
------------------------------ 1---------------------------- L ________________ |_________________ |____________
i i
a
"ITU 
1 1
I 1
| |
10 12 14 16
Universal Time (hours)
Figure 6.11 Cross-correlation analysis for the EXOSAT LEI and ME observations 
of H0534-581. The two plots show the results for a binning time of 
100 s and a total lag of ±5000 s (a), and for a binning time of 400 s and 
a total lag of ±20,000 s (b).
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Figure 6.12 Power-law spectrum fitted to the H0534-581 LEI and ME data obtained 
by EXOSAT (see Table 6.2).
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6.5.2 1H0542-407
1H0542-407 was observed with the TCC on 1984 November 20, November 21, and 
1985 January 20 under conditions of l"-3" seeing. It was not possible to exclude light 
from the neighboring star -3" to the west of 1H0542-407 (§ 6.3.1), so both stars were 
always within the TCC aperture (14" or 17" diameter). The B light curves and colors for 
the three observations are shown in Figure 6.13. Photometric variability over a range AB
-  1.2 mag can clearly be attributed to the cataclysmic variable. The average V magnitude 
and typical colors for both stars together are as follows: V -14.9, U - B -  -0.95, B - V
-  +0.3, V - R -  +0.4, and R - 1 -  +0.3.
We are able to approximately derive the intrinsic magnitudes and colors of 1H0542-407 
from our photometry with the aid of the A AT spectrum of the contaminating star (§ 
6.3.2). By assuming that the light loss at the spectrograph slit at a particular wavelength 
affected both stars equally, and by determining relative intensities for U, B, V, and R 
from the spectra, we deduce the average V magnitudes and colors shown in Table 6.4. 
We note that the observed variability of AB »1 .2  mag corresponds to an intrinsic 
variability of AB » 1.6 mag in the cataclysmic variable, and that the colors for the adjacen 
star are consistent with our spectral classification of this object (§ 6.3.1).
Flickering behavior from 1H0542-407 is present in the light curves of Figure 6.13 on 
time scales ranging upward from our sampling time of 40 s. The correlated changes in the 
color indices that can be seen are due to the increasing proportion of blue light to the total 
signal from the two stars as 1H0542-407 becomes brighter (i.e., the color variation is an 
artifact). In view of the contamination caused by the adjacent star, we cannot comment 
reliably on any intrinsic color variability in the cataclysmic variable.
The TCC data for 1H0542-407 have been examined for periodic behavior using an 
epoch-folding technique similar to that applied to the X-ray data (§ 6.4). The B band 
data sampled every -40s were used for this analysis. For the -3 hr and -5 hr runs on 
1984 November 20 and 1985 January 20, broad %2 peaks at periods of 2015 (-50, +150) 
s and 1980 ± 35 s, respectively, were found. A similar periodicity is indicated by the 
-1970 s separation between the two pronounced maxima observed during the short 
observation of 1984 November 21 (Fig. 6.13.2). From our three independent 
observations we therefore infer that modulation at a centroid period of 1980 ± 35 s is a 
persistent feature of the optical emission from 1H0542-407. This periodicity is 
intermediate between the 1920 s and ~2100 s periods found in the X-ray data (§6.4). We 
point out that %2 peaks at other periods were also present for the two long optical 
observations, but since these periods are not common to both runs and do not have 
analogs in the X-ray data, we conclude that they are artifacts of the flickering behavior.
The U, B, V, and R light curves folded at a period of 1980 s are shown in Figure 6.14 
for the 5 hr observation of 1985 January 20. The semiamplitude pulse fractions, corrected 
for the estimated contamination from the neighboring star, are -14%, -12%, -11%, and
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TABLE 6.3
Upper Limits on Periodic X-ray Emission from H0534-581
Period LEI ME
(s) (0.1-1 keV) (1-9 keV)
100..................  25% 20%
1000..................  30% 20%
10000 ..................  40% 30%
N ote.— U pper limits are semiamplitude pulse 
fractions derived assuming sinusoidal modula­
tion.
TABLE 6.4 
Optical Photometry
1H 0542-4 0 7 a H0534-581
Magnitude Cataclysmic Variable Adjacent Star Cataclysmic Variable
V  .....................  -15 .7  -15 .6  -14 .9
U - B ........................ —1.2 ±  0.2 +0.32 ±  0.3 -1 .15  ±0.05
B — V ........................ -0 .2  ± 0 .2  +0.93 ±0 .2  -0 .2  ±0.1
V — R ........................ +0.2 ± 0 .2  +0.52 ±0 .2  +0.1 ±0.1
R - I .........................  ... ... +0.1 ± 0 .2
a Average V magnitudes and colors for both stars were deduced using the procedure dis­
cussed in the text.
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-11% respectively, i.e., there is no significant color dependence of the pulse fraction. All 
four light curves are similar in appearance, showing both primary and secondary peaks 
separated by -740 s. Folding of our multicolor photometry of 1984 November 20 and 21 
produced light curves comparable to those in Figure 6.14. Maximum light for the primary 
peak in our three observations occurred at HJD 2,446,025.1088 ± 0.0014, HJD 
2,446,026.1851 ± 0.0014, and HJD 2,446,085.9613 ± 0.0014.
6.5.3 H0534-581
H0534-581 was observed on 1984 October 24, November 17, and November 18. 
The seeing was in the range l"-3", and a TCC aperture of 14" diameter was used. The 
resulting B light curves and simultaneous U - B , B - V ,  V - R  and R - 1 colors are plotted 
in Figure 6.15. The B magnitude varies over a range of 15.6-14.1 mag. Average V 
magnitude and colors for H0534-581 are summarized in Table 6.4.
Significant flickering from H0534-581 is evident in the light curves (Fig. 6.15) on 
time scales ranging from our sampling interval of 40 s to many minutes. These intensity 
variations are not accompanied by substantial changes in the color indices. A correlation 
analysis confirms that there is no systematic relationship between B and U - B, or B and 
B - V. However, the mean colors do vary between our three runs in the sense that the 
star becomes bluer with time (B - V decreases by -0.2 mag). Smaller variations in the 
average colors can also be seen within a run; e.g., U - B decreases by -0.04 mag in the 
latter half of Figure 6.15.1.
The B band TCC data having a sample time of -40 s were folded to search for 
periodicities between 400 and 3000 s. Prominent y} peaks were found at several trial 
periods for the three runs: 1770 (-50, +100) s (October 24), 1915 ± 40 s (November 17), 
2550 ± 70 s (November 18), and 3020 ± 50 s (November 18). All of these possible 
periods produce plausible light curves. However, none of the periods are common to all 
three runs, or to any of the possible periods found in the X-ray data (§ 6.4.4). The 
periodicity corresponding to 1275/2550 s is nevertheless of interest because it is present in 
the data from the two consecutive nights in November. The modulation semiamplitudes 
in the B band light curves are as follows: -16% (2550 s, November 17), -9% (1275 s, 
November 18), and -13% (2550 s, November 18; two peaks of unequal amplitude). 
Further photometry is needed to determine whether this periodicity occurs regularly in the 
optical emission from H0534-581 and thus has real physical significance.
We are unable to discern a repeatable orbital period on a time scale of <4 hr in our three 
observations of H0534-581 (Fig. 6.15). The short observation of October 24 cannot be 
reconciled with either of the longer observations on the two consecutive nights in 
November. For the latter two runs there is a degree of similarity when the light curves 
are aligned with a separation of -23.2 hr. This could be consistent with a possible period 
of -23.2/n hr, where n<6.
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Figure 6.13a,b TCC photometry of 1H0542-407 and the adjacent star for 1984 
November 20 (a) and November 21 (b). The data were obtained using 
the 1.0 m telescope. Data points in the B light curve are ~40 s apart, 
compared with ~80 s for the color measurements. The vertical lines 
represent ± lo  Poisson error bars.
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Figure 6.13c TCC photometry of 1H0542-407 and the adjacent star for 1985 January 
20. The January measurements were made with the new 2.3 m 
telescope at SSO. Data points in the B light curve are ~40 s apart, 
compared with ~80 s for the color measurements. The vertical lines 
represent ± la  Poisson error bars.
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Figure 6.14 U, B, V and R light curves for 1H0542-407 on 1985 January 20 folded 
at a period of 1980 s. The time reference for the start of the first bin is 
1100 UT. The data are folded twice for clarity, and representative ± lo  
error bars are plotted.
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Figure 6.15 TCC photometry of H0534-581 obtained on 1984 October 24 (a), 
November 17 (b), and November 18 (c) using the 1.0 m telescope at 
SSO. The photometry of November 18 was partly simultaneous with 
EXOSAT data (Figure 6.10). Time resolution and error bars are the 
same as Figure 6.13.
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Figure 6.15c TCC photometry of H0534-581 obtained on 1984 November 18 using 
the 1.0 m telescope at SSO. The photometry was partly simultaneous 
with EXOSAT data (Figure 6.10). Time resolution and error bars are 
the same as Figure 6.13.
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6.6 Discussion.
Our EXOSAT observations of the two cataclysmic variables leave no doubt that they 
are the optical counterparts of 1H0542-407 and H0534-581. This conclusion is 
consistent with the relative X-ray and optical luminosities of the two CVs. From their 
2-10 keV HEAO-1 fluxes and our optical photometry, we deduce L* / Lopt * 2 for both 
objects (using the procedure of Bradt, Doxsey and Jemigan 1978, and assuming no X-ray 
absorption or optical reddening; see below). This value is in good agreement with that 
expected for cataclysmic variables (Patterson 1981). Patterson and Raymond (1985a) 
show that such a value is expected empirically for cataclysmic variables with EW(Hß) » 
45 Ä (cf. Table 6.1).
We note that neither of the cataclysmic variables appears in catalogs of emission-line 
objects or variable stars (e.g., the General Catalog of Variable Stars; Kukarkin et al. 
1969, and later supplements). The colors of the two new objects place them close to the 
blackbody curve for T £ 25,000 K. In fact, they lie at the extreme blue end of the 
two-color diagram for cataclysmic variables (Warner 1976; Bruch 1984), indicating low 
reddening (which is consistent with the low or moderate inferred from their EXOSAT 
spectra). The absence of appreciable reddening suggests that far-UV emission should be 
detectable with IUE. In particular, it will be interesting to test the prediction for optically 
thin recombination that the intensity of He II X1640 is about 7 times that of He II Ä.4686 
(Patterson and Raymond 1985b).
Patterson (1984) has demonstrated a reasonable correlation between EW(Hß) and the 
absolute visual magnitude of the accretion disk for systems with EW(Hß) > 15 A. From 
this relation we can estimate that Mv = 9.4 ± 1 for 1H0542-407, and Mv= 9.1 ± 1 for
H0534-581. Using their mean observed magnitudes, we can predict distances to within 
a factor of 2 of 180 and 140 pc, corresponding to X-ray luminosities of 8 and 7 x 1031 
ergs s '1 (2-10 keV), respectively. These luminosities are similar to other nova-like X-ray 
emitters such as 2A0526 - 328 (TV Col), 3A0729+103 (BG CMi), and 2A1150 + 72 (YY 
Dra), which were all first discovered via their hard X-ray emission (cf. Patterson 1984, 
and references therein).
Discussion specific to each cataclysmic variable follows.
6.6.1 1H0542-407
Our detection of soft X-ray and optical pulsations from 1H0542-407 immediately 
establishes this object as a new member of the DQ Herculis class of magnetic variables 
(see reviews by Warner 1983, 1985; and Mason 1985). These systems differ from the 
AM Herculis magnetic variables in that their white dwarf rotation periods are not 
synchronized with their orbital periods. A further fundamental difference is that an 
accretion disk, as well as an accretion funnel, may be present in DQ Her systems. As a
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consequence of the asynchronous rotation, X-ray pulsations associated with an emission 
region at the base of the accretion funnel are seen as the white dwarf rotates (in addition to 
possible orbital modulation of the X-ray flux). The white dwarf rotation period may also 
be evident at optical wavelengths, although a sideband period resulting from reprocessing 
of the X-ray pulsations in a region corotating with the orbital velocity is often more 
prominent. Possible reprocessing sites include the atmosphere of the companion star and 
a bulge in the outer region of an accretion disk. It is thought that the magnetic fields in DQ 
Her systems are a factor ~10 lower than in AM Her systems (Lamb and Patterson 1983; 
Lamb 1985). The absence of significant circular polarization from 1H0542-407 is 
consistent with this conclusion.
We interpret the pronounced 1920 s soft X-ray periodicity in 1H0542-407 as the 
rotation period of the white dwarf. The large pulse fraction at 0.1-1 keV, decreasing 
toward higher energies, is similar to the behavior seen in other DQ Her systems (Mason
1985) . As noted earlier (§ 6.4.2), the 1920 s soft X-ray (0.1-1 keV) light curve is 
sinusoidal in shape, while the hard X-ray (1-9 keV) profile has a flatter X-ray maximum 
and a narrow minimum. King and Shaviv (1984; see also Hameury, King, and Lasota
1986) interpret the sinusoidal X-ray modulation in DQ Herculis systems as being due to 
an emission polecap which occupies a large fraction i f  > 0.25) of the white dwarfs 
surface. In contrast, Lamb (1985) argues that the emitting fraction is much smaller if « 
1), and that the X-ray pulse profile is influenced by the large difference between the lateral 
and radial opacity of the accretion funnel. For example, Imamura (1984) has produced 
soft and hard X-ray light curves similar to those of Figure 6.7 by modelling the polar 
accretion on to AM Herculis, for which /  « 1 (see also Imamura and Durisen 1983). A 
further possibility (pointed out by the referee) which could lead to sinusoidal modulation 
for/  « 1 is that the X-ray emission is distributed as an arc in longitude on the surface of 
the white dwarf. Such an emission pattern having a small extent in latitude might arise if 
the accretion of material on to the magnetic white dwarf occurs via an accretion disk.
The second X-ray period of ~6.2 hr in 1H0542-407 must represent the orbital period of 
the system. Such a period is reasonably close to that expected from the empirical 
distribution of rotation periods versus orbital periods for the other known DQ Herculis 
stars (Lamb and Patterson 1983). The mechanism responsible for the approximately 
sinusoidal orbital modulation is unclear. Occultation of the white dwarf by the secondary 
star can be ruled out however, since this would produce a narrow eclipse similar to that 
reported in EX Hya (Cordova, Mason and Kahn 1985). The X-ray modulation may be 
caused by obscuration of the white dwarf by a region in the accretion disk (if present). In 
this event, we would expect the modulation amplitude in the LEI data to dominate that for 
the ME because of soft X-ray absorption. This does not seem to be the case, at least in 
the first ~6.2 hr cycle in the ME data (§ 6.4.2). The available data therefore suggest that 
the mechanism responsible for the amplitude modulation of the X-ray pulsations is not a 
strong function of energy.
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The optical periodicity of 1980 ± 35 s that we measure from 1H0542-407 lies between 
the rotation period of 1920 s and the sideband optical period of ~2100 s that might arise as 
a result of beating between the rotation and orbital periods. This suggests that the 1980 
s periodicity may in reality correspond to an unresolved blend of the aforementioned 
periods. If so, the 1920 s optical component would seem to be dominant and must be 
produced near the white dwarf, while two explanations appear possible for the -2100 s 
component. First, reprocessing of the X-ray pulsations in material corotating with the 
orbital velocity is known to produce an optical beat period in other DQ Herculis systems. 
Second, the -2100 s component might simply be a consequence of orbital amplitude 
modulation of the optical pulsations from the white dwarf (i.e., by the same mechanism 
producing the amplitude modulation of the X-ray pulsations). In both cases we would 
expect the -1920 s and -2100 optical periodicities to be resolved by photometric 
measurements over a suitably long time base.
In comparison with other DQ Her systems, 1H0542-407 most closely resembles TV 
Col (2A0526-328) which has a white dwarf rotation period of 1943 s and an orbital period 
of 5.49 hr (Schrijver et al. 1985). TV Col also exhibits two other periods at optical 
wavelengths; an unexplained photometric period of 5.25 hr and an associated beat period 
(with the 5.49 hr spectroscopic period) of 4d02. It will be interesting to determine 
whether 1H0542-407 displays an equally complex range of optical periodicities. In 
common with 1H0542-407, TV Col undergoes X-ray modulation at the orbital period, but 
it is clear from correlated spectral changes that the modulation in TV Col is caused by 
variable absorption. The average absorption for TV Col is very high ( =  4 x 1022 
cm-2) and no soft X-ray (<1 keV) pulsations are detectable, in contrast to the large pulse 
fraction of -70% for 1H0542-407. Soft X-ray pulsations have in fact only been 
observed in one other DQ Her system, namely EX Hya which has a lower pulse fraction 
of -30% (Cördova, Mason and Kahn 1985).
Apart from the low absorption, the X-ray spectrum of 1H0542-407 is comparable to 
the hard X-ray spectra observed from other DQ Her systems. For instance, H2252-035 
can be characterized by a thermal spectrum with kT > 20 keV, and an iron line of 
equivalent width -0.56 keV (White and Marshall 1981). It seems likely that the strong 
iron line emission detected from H2252-035, EX Hya (Watson 1985), and now 
1H0542-407 can be attributed to fluorescent excitation in the accretion funnel by 
high-energy X-rays, in a manner analogous to AM Her (Swank, Fabian and Ross 1984).
6.6.2 H0534-581
The absence of distinctive X-ray or optical properties makes a classification of 
H0534-581 difficult. Nevertheless, the moderately strong He II Ä.4686 emission 
suggests that the object is a nova-like variable or a magnetic CV of the AM Her or DQ Her 
type (cf. Watts 1985). We do not favor an AM Her classification, however, for the
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following reasons. First, the object does not undergo pronounced and repeatable orbital 
modulation with a period of 1-4 hr, which is a characteristic of the 11 known AM Her 
systems. Second, the lack of a flickering color correlation contrasts with the dramatic 
color -dependent flickering behavior of AM Her (Priedhorsky and Krzeminski 1978). 
Third, our LEI observations by EXOSAT show that H0534-581 does not have the soft 
X-ray excess expected for an AM Her variable.
H0534-581 might be a DQ Her system, despite our failure to detect strong X-ray 
pulsations with EXOSAT. The pulsations could be reduced in amplitude by such factors 
as insufficient misalignment between the emitting magnetic pole and the rotation axis of 
the white dwarf, or by destructive interference of the antiphased emission from both 
magnetic poles (e.g., King and Shaviv 1984). In the latter case, it is conceivable that 
optical pulsations might still be detectable, depending on the location of a suitable X-ray 
reprocessing site in the binary system (for instance, pulsations such as those observed in 
our photometry of 1984 November 17 and 18; § 6.5.3). We remark that the hard X-ray 
spectrum of H0534-581 is consistent with a DQ Her classification.
6.7 Summary Remarks
We have established that the HEAO-1 sources 1H0542-407 and H0534-581 are 
cataclysmic variables. Both objects have very hard X-ray spectra and are variable by >1.5 
mag at optical wavelengths. 1H0542-407 is a new member of the DQ Herculis class of 
magnetic variables and has a white dwarf rotation period of ~ 1920 s and an orbital period 
near 6.2 hr. Optical pulsations at a centroid period of -1980 s indicate emission from near 
the white dwarf and possibly from an X-ray reprocessing site elsewhere in the binary 
system. The CV subclass of H0534-581 is uncertain, although an AM Herculis 
classification is ruled out. It is most likely a nova-like variable or perhaps a DQ Herculis 
system in which the X-ray pulsations are below our detection threshold.
Last, we remark that a program of high-speed photometry and radial velocity 
measurements is in progress for both cataclysmic variables. It is expected that these 
observations will allow detailed modeling of 1H0542-407 and hopefully resolve the nature 
of H0534-581.
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CHAPTER 7
A Spectroscopic, Photometric and X-ray Study of the 
DQ Herculis System 1H0542-407
7.1 Abstract
We report spectroscopic and photometric observations of the DQ Herculis binary 
1H0542-407 and derive models based upon these and our earlier X-ray observations.
Time-resolved spectroscopy has revealed radial velocity variations at two periods: the 
5.7 h orbital and 31.9 m white dwarf rotation periods. These periods are consistent with 
those previously derived by us from our X-ray observations with EXOSAT. The 
emission lines are described by Gaussian profiles, with HeII^4686 well represented as 
a single Gaussian while the Baimer lines require an additional broad component The line 
strengths are reasonably constant with orbital phase but vary over the spin period of the 
white dwarf. The orbital semi-amplitude velocity is low, -50 km s“l, leading to a mass 
function of 3.3 ± 0.6 x 10'3 M 0 and an orbital inclination <25°. We attribute the 
spin modulated, low amplitude, velocity variation (K -  20 km s' 1) to a shocked region, 
co-rotating with the white dwarf at the magnetosphere/accretion disk boundary. It is in 
this region where most of the Hell and narrower Baimer emission is produced. The 
broad Baimer line component is interpreted as arising from a truncated accretion disk, 
which we model as a standard Shakura-Sunyaev a-disk.
Extensive high speed and UBVRI photometry of 1H0542-407 was also obtained. A 
time series analysis has identified several periods, including the orbital sidebands v -2co, 
v -  co and v + co (where v, co are the spin and orbital frequencies). The dominant optical 
period occurs at v -  co; ie a period of 35.1 m, which we attribute to X-rays reprocessed in 
a region fixed in the orbital frame of reference (ie the disk hot-spot/bulge and/or the 
secondary star).
A pre-whitening time series analysis of the EXOSAT data reveals the presence of 
both the spin (previously reported) and reprocessing periods, with the lower energy 
(0.2-1 keV) X-rays strongly modulated (80-100%) at the spin period and the higher 
energy (2-10 keV) X-rays modulated (20-40%) predominantly at the reprocessing 
period. The optical and X-ray periods, and the pulse fractions, are explained in terms of 
accretion in an auroral arc near the magnetic poles. The resulting thermal Bremsstrahlung
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X-rays are modulated at the spin period due to significant opacity variability as a function 
of viewing angle. This results in a fan beam which sweeps over the accretion/disk and 
secondary star as the white dwarf rotates. The consequent reprocessing of X-rays in the 
hot-spot and secondary star produces the sideband optical period. Our model predicts 
pulse fractions as a function of wavelength which are compatible with our photometry. 
We invoke X-ray reflection of the harder (>2 keV) X-rays to explain the presence of the 
sideband period in the X-ray data. The model for the accretion disk, hot-spot and 
secondary star predicts an optical flux distribution and emission line profiles well 
matched by the observations. Evidence of the hot-spot is seen in the Hell line which 
appears asymmetric at rotation phases where the hot-spot is best viewed.
The model for this system consists of a 1.3M0 white dwarf and a 0.57MGM0 V 
secondary with an orbital period of 5.7 h and an inclination ~25°. An accretion disk 
extends from ~7 white dwarf radii out to 90% of the mean Roche lobe radius. The 
inferred magnetic field strength is in the region 1-10 MG while the X-ray luminosity is ~5 
-10 x 10^4 ergs s 'l . Several independent methods point to a distance of £ 500 pc.
7.2 Introduction
As a class, the DQ Herculis magnetic variables, which now number ~15, exhibit 
properties somewhat intermediate between the synchronously rotating, diskless, AM 
Herculis systems (or polars), and the vast majority of 'normal', or non-magnetic (B < 
105 G), cataclysmic variables (hereafter CVs). The defining characteristic of a DQ Her 
variable is the asynchronous rotation of the white dwarf primary, which is manifested in 
the X-ray emitting subclass of DQ Her binaries, the intermediate polars (which are the 
majority), as X-ray and usually optical pulsations at the rotation period (see reviews, for 
example Warner 1983, 1985, Mason 1985, Berriman 1988). Taken as a group, the DQ 
Her stars have an orbital period distribution statistically identical to the more numerous 
non-magnetic CVs (Leibert and Stockman 1985), while the AM Her stars have shorter 
periods, populating the region below the 2-3 h period gap (Hameury et al. 1986). It is 
generally accepted that the mechanism governing the evolution of CVs is loss of angular 
momentum. Above the period gap the likely mechanism for such a loss is thought to be 
magnetic braking of the secondary star (Verbunt and Zwaan 1981, Rappaport, Verbunt 
and Joss 1983). Through such a mechanism, the less massive secondary star can remain 
filling its critical equipotential surface CRoche lobe'), and continuously transfer matter to 
the more massive white dwarf primary. The inevitable result is that the binary separation 
decreases, as does the orbital period. Eventually magnetic braking becomes inefficient, 
probably due to structural changes in the secondary. At Porb -  3 h, the secondary 
detaches from its Roche lobe, and mass transfer ceases. Gravitational radiation governs
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the angular momentum loss from here on, but it is not until Por5 ~ 2 h that mass transfer 
is resumed when once again the secondary is in contact with its Roche lobe.
It is appealing to believe that there is an evolutionary sequence between the longer 
period, asynchronously rotating DQ Her systems, and the shorter period, synchronous 
AM Her systems (Chanmugan and Ray 1984, King 1985, King, Frank and Ritter 1985, 
Hameury et al. 1986). If such an evolutionary scenario is indeed correct, and hence the 
magnetic moments of the two classes are similar, then we expect to see evidence of 
strong (>20 MG) surface magnetic fields. Opponents of the above theory point to the 
lack of observational evidence, for example, the low polarizations (eg Cropper 1986) and 
absence of Zeeman effects in DQ Her systems. The debate continues as to what the field 
strengths are in DQ Her systems, and if they are in some way connected to the AM Her 
binaries. The optical to X-ray nature of systems with strong fields has been discussed by 
King (1985), Lamb (1983, 1985) and Imamura and Durisen (1983). Central to the 
argument over field strengths in DQ Her binaries is the presence or absence of accretion 
disks, possibly in a truncated form. King, Frank and Ritter (1985) argue that disks will 
only be present in systems with periods greater than ~5 hours. However, Lamb and 
Melia (1987) show that while disk form ation  may be prevented under certain 
circumstances, disks already existing will remain intact, at least partially, under those 
same conditions. They identified several regimes, parameterized by the magnetic moment 
|1, for which systems exhibited characteristics ranging from AM Her (high (i), DQ Her 
(intermediate (J.) to non-magnetic CVs (low |i). The current observational evidence seems 
to favour the presence of accretion disks in DQ Her systems, even in some short period 
systems (e.g. EX Hya; Hellier et al. 1987), which implies that the AM Her and DQ Her 
binaries do not have the same (I values.
In this paper we present new observations of 1H0542-407, a DQ Her system 
discovered by us (Tuohy et al. 1986; hereafter Paper I) through our HEAO-1 X-ray 
source identification program (eg Buckley, Tuohy and Remillard 1985). In Paper I, we 
presented analyses of EXOSAT observations and UBVRI photometry which 
conclusively showed 1H0542-407 to be a DQ Her system, or intermediate polar. We 
derived a white dwarf spin period of 1920 ± 20 s and an orbital period of 6.2 ± 0.5 h. In 
the current paper we present and interpret results of time series analyses on spectroscopic 
and photometric data. A preliminary presentation of some of these data has appeared in 
an earlier paper (Buckley and Tuohy 1987). In the present paper we expand on and 
develop models based upon the theoretical accretion conditions expected for this system 
which adequately account for the spectroscopic, photometric and X-ray observations. We 
compare our results to other DQ Her systems and address some outstanding problems in 
the interpretation of common observational properties.
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7 3  Spectroscopy
73.1 Observations
Spectra were taken of 1H0542-407 using the 3.9 meter Anglo-Australian Telescope 
(AAT) on the nights of 1985 November 17 & 18. Simultaneous coverage was achieved 
in the two spectral regions XX3930-4960Ä and XX5300-11000Ä, hereafter referred to 
as the 'blue' and 'red' spectra respectively. The blue spectra were taken with the RGO 
spectrograph at a reciprocal dispersion of ~0.5 Ä pixel-* and a resolution of ~1.3A. The 
detector was the Image Photon Counting System (IPCS). A dichroic was used to divert 
the red wavelengths (>5300Ä) to the Faint Object Red Spectrograph (FORS), which 
employs a GEC CCD (584 pixels). Wavelength calibration was achieved using a Cu-Ar 
arc, spectra of which were taken regularly during each night, resulting in a stability of <5 
km s-* each night for the blue spectra. Most of the first night was badly affected by 
cloud, with only ~3 hours of useful data collected. Conditions were clear on the second 
night and ~ 6 hours of continuous data were collected on 1H0542-407.
The high speed mode of operation for the IPCS (Bailey 1984, Watts et al. 1986) was 
employed on both nights. This involves individual photon event addresses being 
recorded for each IPCS frame. The advantage of this method of data collection is that the 
system can be run essentially continuously with the exposure time of individual spectra 
being defined later in the data reduction phase when frames are summed. In fact one can 
sum up as many frames as required until a satisfactory signal to noise is achieved for a 
spectral feature of interest. Experimentation showed that the minimum useful integrated 
exposure time for the blue spectra was -  100s for the stronger emission lines Hß, Hy, H8 
and HeIlX4686. For the weaker lines, HelX4026, X4387, X4471, X4920, 
CIII-NHIXX4640-4650 and He, the minimum time resolution was ~300s. We produced 
two sets of spectroscopic data corresponding to these two exposure times, hereafter 
referred to as the '100s data' and the '300s data'. For the 100s data we obtained a total 
of 70 & 153 spectra on the two respective nights while for the 300s data there were 21 
and 47 spectra.
For the red spectra we removed the atmospheric absorption bands using observations 
of featureless red spectrum standards. Unfortunately, due to an incorrect pointing on the 
first night and cloud at the very end of the second, we did not observe any flux standards 
and hence our spectra are unfluxed. Seeing on both nights was <2 arcsecs. The 
spectrograph slit was rotated to exclude most of the light from the star adjacent (~4 
arcsec) to 1H0542-407 (see Paper I).
In Figure 7.1a and 7.1b we show representative blue and red spectra of 1H0542-407. 
The data consist of a grand sum, with no corrections for velocity variations. The blue 
spectrum is essentially identical to the discovery spectrum presented in Paper 1. It shows
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Figure 7.1a
Figure 7.1b
Blue AAT grand sum spectrum of 1H0542-407 taken using the EPCS on 
1985 November 17 & 18 (unfluxed).
Red AAT grand sum spectrum of 1H0542-407 taken using FORS on 
1985 November 17 & 18 (unfluxed). The rise in counts beyond about 
P5 is an artefact due to the overlapping second order.
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Figure 7.2a Emission line parameter variations (velocity, sigma, and equivalent 
width) for the line Hel&4686 on 1985 November 17.
Figure 7.2b Emission line parameter variations (velocity, sigma, and equivalent 
width) for the line Hß on 1985 November 17.
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Figure 7 J a Emission line parameter variations (velocity, sigma, and equivalent 
width) for the line HeHT.4686 on 1985 November 18.
Figure 7 J b Emission line parameter variations (velocity, sigma, and equivalent 
width) for the line Hß on 1985 November 18.
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the prominent Paschen series, Hel lines and possibly 01X7777. There is no evidence of 
significant absorption features which might be attributable to a late-type secondary star, 
although we emphasize that these data are of low resolution (~20 A).
1 3 2  Radial Velocity Measurements
On inspection of the blue spectra we found that for the 100s data, all the emission 
lines seemed to be well represented by a single Gaussian profile of FWHM ~1200 km 
s"l. For the higher signal to noise 300s data, a second broad (FWHM ~2500 km s"l) 
Gaussian component was required to fit the wings of the Balmer lines. We then adopted 
a Gaussian profile least squares fitting algorithm to determine the line profile parameters 
for both sets of data. Several lines at a time were fitted over short sections of wavelength 
together with the continuum, which could be fitted with a polynomial to order 2, although 
a linear fit was usually quite sufficient.
The following parameters were therefore extracted for each emission line: position, 
and hence radial velocity, sigma, amplitude and equivalent width. In Figures 7.2 and 7.3 
we show a representative sample of the variations of the velocity, sigma and equivalent 
width for the Hß and HeIlX4686 lines. The amplitude of the emission lines was found to 
vary in the same manner as the total intensity summed over the continuum, and thus is 
not intrinsic to the line. Immediately obvious is the sinusoidal radial velocity variation 
with a period of 5-6 hours and a velocity semi-amplitude of K -  50-60 km s"*. Also 
apparent in these data are short timescale (~2000s) velocity excursions. The November 
17 data show this variation more clearly. This behaviour is reminiscent of that seen by 
Penning (1985) in four long period DQ Her systems, V1223 Sgr, FO Aqr, BG CMi and 
AO Psc, which he associated with the white dwarf rotation period. In the case of 
1H0542-407 the short period variation is similar, but at a lower amplitude than the other 
systems. In a later section (§ 7.3.3) we show that the period is indeed the spin period of 
the white dwarf.
The radial velocities of the broad component of the Balmer lines were derived from 
the positions of the broad Gaussian in the 300s data. These velocities showed 
considerable scatter with no clear trend, probably as a result of the illconditioning of the 
least squares method applied to a very broad feature which has a small velocity amplitude 
(very much smaller than its velocity width). In section § 7.3.5 we utilize a method, 
which is senstive to the line wing variations, to investigate the velocity variation of this 
broad component
Radial velocity variations were also derived for the Balmer lines using a 
cross-correlation technique on the entire spectrum, except for non-Baimer lines (Hel, 
Hell, CHI-NIII) which were excised from the data and replaced by a local average of the 
continuum. The result of this method was to improve the errors considerably and
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Figure 7.4a
Figure 7.4b
Figure 7.4c
Baimer cross-correlation velocities plus two-sine radial velocity curve 
solution for the 100 s exposure spectra taken on 1985 November 18.
HeIIX4686 velocities plus two-sine radial velocity curve solution for 
the 100 s exposure spectra taken on 1985 November 18.
HeII>.4686 velocities plus two-sine radial velocity curve solution for 
the 100 s exposure spectra taken on 1985 November 17.
Time axis is hours of Universal Time on the date of the observation.
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confirm the short period radial velocity variation. In Figure 7.4a we show the radial 
velocity curve derived using this method.
7.33 Radial Velocity Curv es
Since both the 100s and 300s data sets showed clear evidence of two periods, we 
fitted double sine curves to the combined nights' data. We used a %2 minimization 
routine to fit a function of the form
1-271(4  ^ + 0  -j p27t(4)7 + t ) i
V(t) = y + K1 sin|_ p J + K2 sin[_---- -- - - J 7.1
1 2
The results of these fits are shown for the HelPi4686 line in Figure 7.4b and Figure 
7.4c for both nights. In Table 7.1 we present the radial velocity curve parameters for the 
stronger lines. The weaker lines show similar behaviour. Initially we determined the 
parameters separately for each night; however, the long period sinusoid is poorly 
constrained on the first night. Fitting both nights simultaneously gave a much better 
determination of the long period. We have determined this longer period to be 5.7 h from 
all our velocity curve solutions and identify it as the orbital period of 1H0542-407. The 
value is within the limits set by us in Paper I based on our X-ray light curves, namely 
6.2± 0.5 hours. We find that the best value for the short period as determined from our 
radial velocity analysis, is 1910± 10 s, in excellent agreement with the dominant X-ray 
period in the EXOSAT LEI light curve of 1920± 20 s (Paper I.). One day aliases were a 
problem for the short period; however the adopted period has the lowest value and 
corresponds to the best agreement between solutions for different lines.
We utilized two period finding techniques, similar to those of Penning (1985), to 
confirm the short period sine fit results. One of the methods was based upon epoch 
folding, as described in Paper I, while the other was a discrete Fourier transform 
(hereafter DFT) technique for unequally spaced data, similar to that of Deeming (1975). 
The search interval was confined between 1000s and 3000s. Despite the one day aliases, 
both methods confirmed the 1910s periodicity.
7.3.4 Binned Spectra
The periods found in the previous section were used to rebin all of the spectra into 
orbital and rotational phase bins. We chose 5, 10 and 15 phase bins per period, and the 
resultant spectra were then re-analysed. The major aim of this exercise was to investigate 
in detail the line profile variations at the orbital and rotational periods. Of particular 
interest was the broad component of the Baimer lines, where we aimed at a more accurate
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TABLE 7.1
Radial Velocity Curve Parameters
Hell>w4686 Hß Hy H5 HeIA4471
Y (km s '  *) 1 ± 4 3 ±  2 23 ± 3 4 ±  3 45 ± 5
K l  " 53 ± 4 51 ± 3 55 ± 4 52 ± 4 58 ± 7
P i  (h ) 5 .71± .04 5.66±.03 5.68±.03 5 .77± .02 5.77±.07
K 2  ( k m s ' l ) 23 ± 4 18 ±  3 20  ± 3 23 ± 3 24 ± 6
P 2 (h)* 0 .530 0.531 0 .530 0 .532 0 .530
* all ± 0 . 0 0 1  h
T A B L E  7 . 2
Radial Velocity C urve Param eters D erived from  G aussian F ilter M ethod
a  (A ) a  (A ) H en
y  Ocm s '1) K O cm s'1)
Hß
Y ( J c m s ' 1 )  K O c m s * 1 )
Hy
y(km  s '1) K (km s*1)
Hel
y(km  s*1) K (km s '1)
5 5 30.3 47.4 15.2 51.0 34.1 49.3 63.8 52.7
10 5 30.1 46.9 13.3 51.7 34.4 50.2 69.8 53.3
15 5 29.8 45.8 9.6 52.9 34.9 51.6 80.5 54.5
20 5 29.5 43.9 3.7 54.8 35.6 54.0 96.4 55.8
30 5 49.6 45.7 -17.3 59.6 28.8 53.7 115.1 54.3
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determination of their velocity variations. We therefore repeated our Gaussian fitting 
technique on the rebinned data and in Figure 7.$a-c we show the most important outcome 
of this exercise, namely the HeFß.4686 velocity, sigma and equivalent width variation 
over the rotation cycle.
7.3.5 The Broad Component
In order to investigate the broad component of the Balmer lines, we developed a line 
measuring technique sensitive to the wings of the emission lines. The algorithm we used 
was similar to the Gaussian convolution scheme of Schneider and Young (1980), Shafter 
(1983, 1985), and Shafter, Szkody and Thorstensen (1986), Home et al. (1986) and 
Hessman (1988). Basically the line profile is masked by two Gaussians passbands, one 
in the red and another in the blue, of fixed width and separation, which move through the 
profile, from one side to the other, until the counts in the two passbands, or 'filters', are 
equal. The midposition of the filters at this point then defines the line center.
o
We probed the wings in steps as far out as ~20A in the blue and red. Individual 
radial velocities were then derived for the lines Hß, Hy and H5 at each of these wing 
positions and a single sinusoidal curve fitted to the data. Contrary to many other systems 
(eg Shafter 1983), 1H0542-407 shows no significant change in the radial velocity 
parameters (y, K, P, 9). In Table 7.2 we list the parameters y and K for various values 
of the separation of the red and blue wings, a, and Gaussian width, a.
Our conclusion is that the velocities derived from the line wings are no different from 
those derived from the Gaussian fitting techniques, the former of which are produced in 
the inner disk regions and therefore more closely follow the white dwarfs orbital motion. 
Our models, to be presented in later sections, based on the derived semi-amplitude 
velocities are therefore not seriously compromised by line profile complexities.
7.3.6 Spectroscopic Evidence for a Disk Hot-Spot
After identifying one of the likely reprocessing sites as the disk bulge, or hot-spot 
(§7.6.7), we subsequently searched for spectroscopic evidence of such a feature. We 
rebinned all of our 100s spectra for both nights into 5 orbital and rotational phase bins 
according to the ephemeris given in § 7 , 3 We again fitted a Gaussian to the dominant 
narrower component in the lines H5, Hy, Hß and HelR4686. This fit was then 
subtracted from the data to give a residual spectrum. In the case of the three Balmer 
lines, the resulting profile is the broad component, which we have attributed to the 
accretion disk (§ 7.6.4). Also present in the residual Balmer profiles is a sharp feature 
which is seen in all five rotational phase bins at an approximately constant velocity 
position, but is only visible in three of the orbital phase bins. Furthermore, the velocity
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Figure 7.5 The rebinned HelR4686 line at rotation phase 0.2 (a) and 0.5 (b) 
superimposed with the single Gaussian component fit. The inserts, (a) 
and (b), show the residuals after subtracting the Gaussian.
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of this feature varies roughly in anti-phase with the disk / white dwarf velocity as derived 
in §7.3.3. The situation is more compelling in the case of the Hell line, where we clearly 
see that for at least two orbital phase bins, the profiles show opposite asymmetries. This 
can be seen in Figure 7.5 where we plot the Hell line, plus the fitted dominant Gaussian, 
and the residual profile. An explanation of this behaviour is the superposition of a 
narrower 'core' component, moving in anti-phase, with a broader component. We have 
determined the position of this core from measuring the centroid of the sharp feature in 
the residual spectrum. The velocities vary in the same sense as the Balmer lines, but with 
a greater amplitude, from ~-160 to 160 km s- l. Our conclusion is that we are observing 
the S-wave of the disk hot-spot. We attribute the variation in the strength of this feature 
to the changing visibility of the hot-spot region over the orbital cycle. If the hot-spot is in 
fact a thickening of the disk, with an associated 'wall' due to the accretion stream 
penetrating the disk (eg Bath, Edwards and Mantle 1983), then the best view of this wall 
will be at around maximum approach velocity of the disk for 1H0542-407. The Hell 
velocities are in fact consistent with the expected projected Keplerian velocities of disk 
material moving through the bulge/hot-spot region.
7.4 Photometry
Photometry of 1H0542-407 was undertaken during four observing runs in 1984 
November, 1985 January, November and December. Two types of observations were 
conducted: UBVRI simultaneous photometry and high time resolution (200 ms) 
monitoring.
7.4.1 UBVRI Photometry
Most of these data have been previously reported by us (Paper I) and include results 
from three observing runs; 1984 November 20 & 21, 1985 January 20 and 1985 
November 13. The latter observations were obtained on the Siding Spring Observatory 
(SSO) 1.0 m telescope, while the rest were obtained with the SSO 2.3 m telescope. The 
two channel chopping photometer (TCC; see Paper I ) was used for all the observations, 
which were extinction corrected and standardized in the usual manner. In Table 7.3 we 
summarize the observed mean magnitudes and colors, and their values corrected for the 
adjacent F5V contaminant star.
7.4.2 High Speed Photometry
Observations taken in 1985 January 21 & 24 and December 11, 12, 13, 14 & 15 
were conducted on the 2.3 m telescope utilizing the TCC in a non-chopping mode. This
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Figure 7.6a
Figure 7.6b
Figure 7.6c
Radial velocity variations of the HeIlX4686 line folded at the white 
dwarf rotation period of 1911 s. Two cycles are shown for clarity.
Sigma variations of the HeIlX4686 line folded at the white dwarf 
rotation period of 1911 s. Two cycles are shown for clarity.
Equivalent width variations of the HeIEU686 line folded at the white 
dwarf rotation period of 1911 s. Two cycles are shown for clarity.
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allowed one channel to continuously monitor the star while the second channel measured 
the sky brightness at a fixed distance of ~1 arcminute from the star. A time resolution of 
200ms was used to sample the data and all observations were taken through the B filter, 
except those of 1985 December 11, which were in V. These observations were 
undertaken with the aim of conducting a time series analysis on the light curves and hence 
no correction was made for extinction. A total of 23.5 hours of high speed photometry 
was collected on 1H0542-407, with an average of 3.5 hours per night. In Figure 7.7 we 
show all the collected light curves obtained for both the UBVRI and high speed data. 
Note that the high speed data are in units of raw counts and are uncorrected for sky, 
which was always at a level of <10%, usually at ~7%.
7.4.3 Time Series Analysis
A time series analysis on all our photometry was undertaken with the aim of 
investigating all the periodicities which might be present, specifically the rotation, orbital 
and sideband (beat) periods. The same period searching techniques described in § 7.3.3 
were employed, with the DFT method utilized in a manner which allowed successive 
prewhitening of sinusoidal periodicities. In Figure 7.8a and Figure 7.9a we show the 
periodogram, derived using the epoch folding and DFT methods respectively, for the five 
nights of data collected in the 1985 December run. The window power referred to in 
Figure 7.9a and Figure 7.9b is the result of pseudo-periodicities arising from the unequal 
sampling of the data, and can be used to assess which periods may be artefacts. In 
Figure 7.8a we have marked the X-ray periodicities determined in Paper I, plus the 
spectroscopically determined white dwarf rotation period. Clearly obvious are the one 
day alias peaks. When the two nights in 1985 January are included in the analysis, each 
individual peak seen in Figure 7.8a and Figure 7.9a is split into fine alias structure 
corresponding to a frequency of 1 cycle in ~320 days, the latter being the separation of 
the two observing runs. The dominant optical periodicity (initially ~2106s) was 
successively prewhitened from the data before repeating the DFT analysis. In Table 7.4 
we summarize the results and list the periods, amplitudes and phases for the strongest 
periods.
In Paper I we presented the results of our UBVRI photometry and the subsequent 
time series analysis performed on that data. The prewhitening DFT code was used on the 
two sets of UBVRI data: the 1984 November and 1985 January runs. In the latter we 
found the dominant period to be 2108 ±9 s, while in the former the dominant period was 
2340± 10 s. We subsequently incorporated the B-band data from that set with our high 
speed data and performed a prewhitening DFT analysis on the summed data set. The 
results of this analysis are consistent with those obtained with the high speed data alone.
In Figure 7.9b we show the resultant periodogram.
7-22
Figure 7.7 The complete B-band photometry (except 1985 Dec 11, which is V) of 
1H0542-407 taken from 1984 November to 1985 December. Times are 
U.T. hours since the first observations on 1985 January 21.
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Figure 7.8a
Figure 7.8b
Figure 7.9a
Figure 7.9b
Periodograms, derived using the period folding technique, of 
photometry taken on 1985 December 11 to 15. vr = rotation frequency 
and v0 = orbital frequency. The expected sideband frequencies are 
marked with arrows while bars indicate the X-ray periodicities obtained 
with the low energy telescope (LE) and medium energy array (ME) on 
EXOSAT (Tuohy et al. 1986).
Periodograms, derived using the period folding technique, of 
synthesized light curves with sinusoidal period of 2106s sampled in the 
same manner as the observations and with Poisson noise added.
Periodograms derived using the discrete Fourier transform method, of 
the photometry taken in 1985 December 11 to 15.
Periodograms derived using the discrete Fourier transform method, of 
the entire photometry data set, including B-band data from TCC runs 
(1984 November and 1985 January) and all the high-speed photometry 
(1985 January and December).
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7.4.4 Sideband Periods
A common feature of the DQ Her stars is an optical periodicity at the beat frequency 
given by vrotatjon - This beat period is in fact the dominant optical periodicity in
the systems V1223 Sgr and AO Psc. Such periodicities may arise from reprocessing of 
X-rays, beamed from the white dwarf magnetic poles, in parts of the binary system 
rotating at vorbital* Such sites include the secondary star (Patterson and Price 1981) 
and/or the hot-spot/bulge in the accretion disk where the stream of material from the 
secondary impacts the disk (Hassall et al. 1981, Wickramasinghe, Stobie and Bessell 
1982). In a recent paper, Warner (1986) showed that one can expect multiple sidebands 
in DQ Her systems arising from various modulation mechanisms. Some of these include 
disk obscuration effects and reflection phenomena. Warner showed that a Fourier 
analysis of light curves exhibiting all the expected behaviour should identify variations at 
the following frequencies: vr - 2v0, vr -  v0, vr and vr + v0, where vr is the white dwarf 
rotation frequency and v0 is the orbital frequency. We have already shown that our 
spectroscopic and X-ray results point to a white dwarf rotation period of 1910s and an 
orbital period of ~5.7h. The predicted sideband at vr -  vQ is therefore ~2103s. We in 
fact observe the dominant period peak to be 2106.0 ± 1.2s and therefore adopt this more 
accurate value as the higher period sideband Vjj -  vr -  v0. The lower period sideband, 
VL = vr + vo »is predicted to be at ~ 1746s, which is close to an observed peak at 1748.5 
± 1.8s, which we therefore adopt as Vl* These observed periods, and were then 
used to improve the accuracy of vr and v0, by evaluating the sum and difference 
respectively. The updated periods are: rotation period ( vr *1) = 1910.9 ± 2s (= 31.85 ± 
.03 m), orbital period ( v0_l) = 5.72 ± 0.07 h.
A further prediction can be made for the value of the vr - 2v0 sideband (the beating of 
the beat frequency itself with the orbital frequency), namely 2346.5 s. In our 
periodograms, we observe a broad period peak at ~2340 s, which we now attribute to a 
blend of the sideband vr - 2v0 and an alias of vr - v0. 1H0542-407 therefore joins 
V I223 Sgr and AO Psc as a system exhibiting its dominant optical periodicity at the beat 
period and furthermore, like V1223 Sgr (Warner and Cropper 1984), shows the 'beating 
beat' period ( vr - 2v0).
Unfortunately a one day alias of the vr - v0 sideband occurs at -1911 s, which 
makes it difficult to observe a period at vr. Even prewhitening the vr - vQ sideband 
doesn't fully remove its influence, since the variation is not purely sinusoidal. We 
therefore cannot say that there is evidence in these data for optical variations at the 
rotation period of the white dwarf. However, such variations cannot be ruled out 
although they must be below the level of the three most significant periods (vr - 2v0, vr 
-  v0 and vr + v0) in the present data. This result is not entirely incompatible with the 
conclusions of Paper I in which we claimed that the UBVRI photometry showed
7-27
evidence of a 1980 s peak. That epoch folding analysis was carried out using data from a 
single night at a time, rather than a summed data set. Hence the period peak is very 
broad, extending as far as 2106s.
In Figure 7.8a we have identified the positions of all the orbital sidebands. We 
subsequently generated a synthetic light curve consisting of a sinusoid, with Poisson 
noise added, of period 2106s and semi-amplitude of ~8%, sampled in an identical manner 
to the observations. The periodogram of this light curve is shown in Figure 7.8b and 
confirms that the strongest peaks seen in the real data are due to this period, and the other 
sidebands seen are unlikely to be artefacts or aliases.
7.4.5 Light Curves
Figure 7.10a and Figure 7.10b shows all our high speed photometry together with 
the dominant optical sinusoid derived from our DFT analysis, at a period of 2106 s. The 
folded, prewhitened light curves are displayed in Figures 7.11a to 7.11c. The 
ephemerides of these light curves are given in Table 7.4.
7.4.6 Infrared Photometry
Infrared J, H and K magnitudes of 1H0542-407 were obtained on the A AT Infrared 
Photometry System on 1988 March 5 to enable us to search for evidence of the secondary 
star and to investigate the system's flux in the IR. Table 7.3 includes these J, H and K 
measurements and values deconvolved for the effects of the adjacent contaminant star 
(see §7.6$. This was achieved assuming the star was a V -  15.6 F5 dwarf with standard 
colors (Allen 1973, Bessell 1979, Bessell and Brett 1988).
7.5 X-ray Observations
In Paper I we presented results of our time series analysis of the X-ray light curves 
that we obtained with EXÖSAT. The major results were that the dominant periodicity in 
the softer ( 0 . 1 -1  keV) LEI data was at 1920± 20 s, identified as the white dwarf 
rotation period. However, for the harder (1-10 keV) ME light curve, we found the 
dominant period to be 2100± 50 s; ie at the reprocessing period. Both light curves 
showed secondary period peaks at the position of the other's dominant period. We have 
since undertaken a more detailed analysis of these data using the pre-whitening discrete 
Fourier transform code described in § IIIc. This enabled us to derive amplitudes, phases 
and periods for the dominant periodicities in each light curve. Our results essentially 
confirm those in Paper I, and in Table 7.4 we include the ephemerides for the two 
periods, which we identify as the rotation and reprocessing periods. In Figures 7.12a &
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TABLE 7.3
Magnitudes and Colors of the 1HG542-407 System
Magnitude/Color 1H0542-407 + Adjacent Star Adjacent F5 V 1H0542-407
V 14.9 15.6 15.7
U-B -0.95 0.03 -1.39
B-V 0.30 0.45 0.15
V-R 0.40 0.28 0.52
V-I 0.70 0.53 0.86
V-J 0.93 0.83 1.03
V-H 1.36 1.06 1.62
V-K 1.72 1.10 2.15
TABLE 7 4
Elements of the Optical and X-ray Light Curves
Light Curve Frequency Period
(s)
T1 m ax
(J.D. -2440000)
Power Pulse Fraction 
(%)
B v -  03 2106.0 ± 1.4 6411.3301 0.64 7.5
v -  2co 2350.2 ±2.8 6411.3457 0.27 4.3
V +  G3 1748.3 ±1.0 6411.2702 0.22 2.6
LE v 1918.7 ±7.8 6119.6838 0.66 75
v -  03 2100.9 ±11.4 6119.6984 0.30 25
ME v 1903.2 ± 7.2 6119.6848 0.38 13
v -  03 2118.3 ±11 6119.6994 0.36 15
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Figure 7.10a The 1985 January high-speed photometry plotted with the 2106 s beat 
period modulation. The same phase reference (at maximum light) 
applies to all the separate nights, and is given in Table 7.4. Times are 
U.T. hours from the first night of each run (Jan 21). The small cross 
seen at a level of ~750 counts in the first panel is a typical ± la  error bar. 
The arrow indicates a minimum in the light curve not associated with the 
major periodicity, and probably due to stochastic flickering.
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Figure 7.10b The 1985 December high-speed photometry plotted with the 2106 s beat 
period modulation. The same phase reference (at maximum light) 
applies to all the separate nights, and is given in Table 7.4. Times are 
U.T. hours from the first night of each run (Dec 11). The small cross 
seen at a level of ~750 counts in the first panel is a typical ± la  error bar.
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Figure 7.11a
Figure 7.11b
Figure 7.11c
B-band photometry folded at the 2106 s beat (v -  co), or reprocessing, 
period. Two cycles are shown. Ephemerides are given in Table 7.4.
B-band photometry folded at the v -  2co (2345 s) sideband period, after 
prewhitening of the v -  co period. Two cycles are shown. 
Ephemerides are given in Table 7.4.
B-band photometry folded at the v + co (1748 s) sideband period, after 
prewhitening of the v — co and v — 2co periods. Two cycles are 
shown. Ephemerides are given in Table 7.4.
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Figure 7.12a
Figure 7.12b
EXOSAT LEI light curve folded at the dominant period: the spin period 
(1911 s). Two cycles are shown. Ephemerides are given in Table 7. 4.
EXOSAT ME light curve folded at the dominant period: the beat period 
(2106 s). Two cycles are shown. Ephemerides are given in Table 7. 4.
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7.12b we show the LEI and ME light curves folded at their dominant periods.
7.6 Interpretation and Models
7.6.1 Mass Function and Orbital Parameters
The semi-amplitude orbital velocity amplitude, = 51± 3 km s"i, and the orbital 
period, Porb =5.718 h, were used with Kepler's law to derive the mass function:
f(M 2)
P hK i orb 1
2tc G
(Mj  sin i )3 
(Mj + M2)2
7.2
= 3.3 ± 0.6 x 10-3 Ma .
Here we have assumed that the orbital variation of the emission line velocities reflects the 
motion of an accretion disk, possibly truncated, symmetrically surrounding the white 
dwarf. The velocities therefore reflect the primary's motion about the system's center of 
mass. Notwithstanding the comments of Robinson (1983), we are reasonably confident 
in the mass function determination. We have shown that unlike many other systems, 
which show complicated emission line velocity behaviour (eg. Shafter 1983, 1985, 
Shafter & Targon 1982), the emission lines in 1H0542-407 are relatively uncomplicated 
in that the K-velocity does not vary as a function of the line width; ie the core and wing 
orbital velocity variations are the same.
Next we' invoke the well established, albeit empirical, secondary mass-period 
relations for cataclysmic variables:
^  (Mq ) = 0.11 PQrb (hours) (Faulkner 1971)
M2 (Mo) = 0.075 p '^ 6 (hours) (Patterson 1984) 7.3
implying secondary star masses of M2 ~ 0.63 M 0 and 0.57 M 0 respectively.
If we treat the white-dwarf mass as a free parameter, such that M]_ < 1.4 M Q, then 
we arrive at the conclusion that 1H0542-407 has an inclination i < 25°. In Figure 7.13 
we show a diagnostic diagram of mass contours for various values of the orbital 
inclination. Other aspects of this figure are alluded to in future sections. In Table 7.5 we 
present the orbital parameters for several assumed white dwarf masses.
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TABLE 7.5
1H0542407 Binary Model Parameters
Mwd Rwd ■ q a R L1 rc ^inner M-33 B
(M Q) (k m ) (° ) (k m ) (k m ) (k m ) (k m ) (G  c m 3) (M G )
1.4 1500 24.2 0.41 1.41 x 106 6.5x105 1.48X104 1.72X104 0.081 24
1.3 2900 23.4 0.44 1 .39x l06 6.3x105 1.53X104 l-SOxlO4 0.063 2.6
1.2 3850 22.5 0.48 1 .36x l06 6.0x1O5 1.59X104 1.28X104 0.047 0.82
1.0 5500 20.6 0.57 1.31x106 5 .6 x l0 5 1.72X104 9.1 lx lO 3 0.025 0.15
0.7 7800 17.8 0.81 1 .22x l06 4.9x105 1.99X104 4 .7 9 x l0 3 0.007 0.02
Figure 7.13 Diagnostic diagram for the masses of the component stars of 
1H0542-407, assuming a velocity of 54 km s*1 and orbital period 
5.72 h. The inclination contours are shown for i < 25°. The two 
horizontal dashed lines at M2 = 0.57 and 0.63 are the mass estimates 
using Patterson's (1984) and Faulkner's (1971) relations respectively. 
The heavy diagonal line segregates the regions Rin < R<. and Rin > Rc, 
where R^ is the inner disk radius and the magnetospheric co-rotation 
radius.
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7.6.2 Mass Transfer Rate
The mass transfer rate is one of the most important, and at the same time, uncertain 
parameters to be determined in a cataclysmic variable (CV). In later sections of this paper 
we require an estimate of fi in order to investigate various accretion models. Here we 
make estimates of fi based upon several relations in the literature. Patterson (1984) has 
derived an expression for fi based upon loss of angular momentum of the secondary star. 
He compares this rotational braking law to the magnetic braking law of Verbunt and 
Zwaan (1981). Both theories predict rates which are ~2-10 times higher than observed. 
Recently, Lamb and Melia (1987) have shown that estimates of fi using the disrupted 
magnetic braking theory of Rappaport, Verbunt and Joss (1983) produce more realistic 
estimates, both in terms of the magnitude of fi and the location of the period gap. In 
Table 7.6 we present fi values based upon the above for two assumed white dwarf 
masses, 1.4 and 1.0 M0 , representing the range expected for 1H0542-407. We note that 
all the estimates in Table 7.6 are below the critical mass transfer rate, defined by Shafter, 
Wheeler and Cannizzo (1986), for dwarf novae. This value is £5  x 10*7 gm s'* for 
1H0542-407 with > 1M0 . The mean transfer rate for 1H0542-407, based on data 
for other CVs is -  1.5 x 1017 gm s-l. Another DQ Her system similar to 1H0542-407, 
TV Col, has a comparable orbital period (5.49 h) and an fi of ~ 10*7 gm s“l (Mouchet et 
al. 1981). We note that a recent observation of 1H0542-407 (1988 March) shows that 
the CV is ~ lm brighter than in 1985. If this is due to an increase in the accretion 
luminosity, then an increased fi by at least a factor of 4 is implied.
7.6.3 Rotational Velocities
7 .6 .3 .1  The Rotation-Illumination Model
In Penning's (1985) discussion of the four long period DQ Her systems (V1223 Sgr, 
AO Psc, FO Aqr and BG CMi), he attributes the observed short period velocity 
excursions, which he convincingly shows occur at the white dwarf spin period, to an 
illuminated spot on the accretion disk. In his model, an area of the disk is illuminated by 
a beam of X-rays from the white dwarf pole(s). The reprocessed optical emission from 
this region therefore adds to the total luminosity of the disk and, furthermore, the 
emission lines from this spot will have a velocity reflecting the mean Keplerian motion of 
material in the spot. As the illuminating beam sweeps around the disk, this velocity will 
be seen to vary at the white dwarf spin period. We have investigated this model for 
1H0542-407 in which we hypothesize that the short period velocity variation is due to 
this mechanism. We calculate the distance this spot has to be from the white dwarf such 
that its Keplerian velocity equals the observed semi-velocity amplitude of the short period 
variation:
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7.4Rspot
Our results show that RSp0t £ a, the binary separation, for an observed K2 of -  20-30 
km s"1 and for <1.4 M0 . Increasing the azimuthal extent of the spot region could 
decrease RSpot» suc^ an increase in the beam would also increase the radial extent and 
therefore add brighter, faster moving material in the inner disk region to the 'spot' with a 
resultant r^ increase in the velocity. We are therefore forced to conclude that the 
rotation-illumination model is incapable of explaining the short period velocity variations 
in 1H0542-407. We make further comments on this model in § 7.7.
7.6.3.2 Co-rotating Magnetosphere Model
Many of the currently accepted models for DQ Her binaries involve an accretion disk 
disrupted by magnetic forces at some radius, Rm. These models are qualitatively similar 
to those of the low mass X-ray binaries where the neutron star's magnetic field disrupts a 
disk (eg Anzer and Börner 1983a,b). Quantitatively, the real difference between these 
models for the white dwarfs and neutron stars, is the value of the 'fastness' parameter. 
This is the ratio of the Keplerian period of the innermost disk material to the spin period 
of the star:
The neutron star magnetospheres are rotating faster than the inner disk regions, while in 
the case of white dwarfs, they are usually slower rotators (Lamb 1983).
Hameury, King and Lasota (1986) argue that for systems with orbital periods less 
than ~5 h, a stable accretion disk cannot form because of this disruption. In their model, 
the stream of material from the secondary star forms a shock at ~Rm and proceeds to 
break up due to both Kelvin-Helmholtz and Rayleigh-Taylor instabilities, forming 
diamagnetic 'blobs' which eventually accrete along field lines. From evolutionary 
arguments, they further argue that the magnetic moments of the DQ Her systems cannot 
be too different from the AM Her systems, namely of the order of ~1033 g cm^. This 
view is challenged (eg. Lamb and Patterson 1983, Lamb 1983 and Lamb and Melia 
1986) partly on the grounds that there is no evidence of surface magnetic field strengths 
typical of AM Her systems, namely B ~20-40 MG.
We have initially adopted the premise that an accretion disk, possibly truncated, is
7.5
m
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TABLE 7.6
Mass Transfer Rates for 1H0542-407
W hite D w arf Mass Patterson (1984) V erbunt and Zwaan (1981) Lam b and M elia (1987)
(M 0 ) (gm s*1) (gm s*1) (gm s '1)
1.4 2.3 x 1017 1.4 x 1017 3.0 x 1016
1.0 3.5 x 1017 2.4 x 1017 4.9 x 1016
7 -4 4
Figure 7.14 The diagnostic diagram for the inner disk radius, Rjn (dashed lines), and 
magnetospheric co-rotation radius, R<. (solid lines), based on equations 
5.6 and 5.7, and adopting K2 ~ 20 km s'1 , Pspin = 1911 s and FWZI 
~ 2800 km s”*. The contours are for inclinations of 20, 25 and 30°.
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present in 1H0542-407. In later sections (§ 7.6.4 and 7.6.7) we present evidence for the 
existence of an accretion disk. We now investigate the possibility that the rotationally 
modulated velocities arise from material forced to co-rotate in the magnetosphere of the 
white dwarf. The distance from the white dwarf at which this material exhibits a velocity 
semi-amplitude, K2 , is given by:
R « c
K- P 2 rot
2tc sin i
7.6
The values of Rq range from ~10 down to ~2 R \ for white dwarf masses between 
1.4MQand 0.3Mo . Throughout this paper we have used Nauenberg's (1972) white 
dwarf Mass - Radius relation.
7.6.4 Evidence for an Accretion Disk: Line Profiles
We now ask whether the observed emission line widths can at least be qualitatively 
explained in terms of a truncated accretion disk model. If we assume that the disk is 
disrupted at some radius Rin, then the FWZI of the emission lines produced in the disk 
are related to the maximum Keplerian velocity at R ^  (eg Wade 1985):
4 G M sin2/
R. -  -------- i------  7.7in 2
(FWZI)
We have already shown that the Baimer lines consist of a narrow and broad 
component, whereas the HeII>.4686 line consists only of the narrower component. We 
have identified the region responsible for the Hell, and the narrower Baimer emission, to 
be somewhere in the white dwarfs magnetosphere. We associate the broad component 
of the Balmer emission with the truncated disk. This broad component has a width of a  
~ 15 A (ie a FVVHM ~1000 km s 'l)  and a FWZI of ~2800 km s"l. It is now possible to 
investigate the range in Rjn for various values of white dwarf mass and inclination. In 
Figure 7.14 we present a diagnostic diagram to illustrate the variation in R ^. In the same 
diagram we also show the variation of Rc, the co-rotation radius of the material 
producing the narrower emission, as a function of the same parameters. It is clear that 
we require the condition that Rq < R{n for there to be material lost from the disk at its 
inner radius and then trapped in the star's magnetosphere. We must at this stage 
emphasize that the derivation of the FWZI is not trivial, as it depends upon the subjective 
determination of how far the wings of the lines extend. Nevertheless, we conclude that 
only for relatively high white dwarf masses (Mx > 1 M 0 ) is the condition Rin > Rc met
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- Figure 7.15 Synthetic Hß emission line profile predicted by our model (§ 7.6.3 and 
§ 7.6.7), based on a standard power law accretion disk and plotted with 
a representative observed profile of the broad Hß component. The 
parameter values were: i = 25°, Mi -  1.3 M 0 , Rin = 7Rj, Rout = 195 
R*, a  = 2.2, a  = 0.2.
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for acceptable values of i. Finally we show the line Rjn = Rc in Figure 7.13 and the 
two regions corresponding to the inequalities Rjn < Rc and Rjn > Rc, the latter region 
being the allowable domain for our model for 1H0542-407. In Table 7.5 we include the 
parameter values for the system derived in the preceding sections. The magnetic 
parameters will be alluded to in a future section (§ 7.6.10). Our conclusion that the 
broader Balmer component is produced by the accretion disk is at variance with our 
preliminary analysis (Buckley and Tuohy 1987). The reason for this was an initial 
overestimate of the FWZI and the inherent simplistic assumptions equating this value to 
the maximum velocity attained in the disk.
To investigate the truncated disk model in a more thorough manner, we have adopted 
the "standard" optically thick accretion disk model to see if it can qualitatively, or even 
quantitatively, explain the line profiles of the broad component. Our synthetic line 
profiles are similar to those used by Shafter, Szkody and Thorstensen (1986) and Home 
and Marsh (1986). An axisymmetric disk with a standard radial power law intensity 
variation was assumed, with the disk material exhibiting pure Keplerian motion about the 
white dwarf. Furthermore, the emission line profile from a disk area element was 
assumed to be Gaussian, with a dispersion proportional to its Keplerian velocity. The 
integrated disk flux line profile, I(v), is therefore expressed as:
2n ^out
I (V) “ 1 1  G (v >r >e ) r dr d9  7-8
0 R. min
where
1 -(v ’ v*r(r) s*m s n^
G(v, r, 0) = - = k ----- exp[-------- £------------------- ] 7.9
V 27t c  2c2
is the local emission line profile from the disk element and
VK(r) = ( G M j / r  )0'5 7.10
is the Keplerian velocity of the disk element. We have not attempted to iteratively fit a 
synthetic profile to our data; rather we have experimented by changing the values of the 
parameters after initially setting R ^, R0uter»* and Mj_ according to our model discussed 
above. Home and Marsh (1986) show that in the wings of an accretion disk profile, the 
intensity of the profile should vary as a function of velocity in the following manner:
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I =c v ( 2 a - 5 )  or log I «  ( -2 a - 5 )  log V 7.11
For the wings we obtain a  -  2 and use this as a starting point in our modelling. 
Furthermore, we adopt a dispersion of <7 = 0.1 -  0.25, a value typical of turbulent 
accretion disks (Shafter, Szkody and Thorstensen 1986).
In Figure 7.15 we show a synthetic profile that we were able to obtain with 
reasonable values (ie not too different from the values obtained above) of the main 
parameters (R^, Router, i , Mj). Also plotted in Figure 7.15 is the observed mean broad 
Hß profile, corrected for orbital motion, obtained from the binned spectra (§ 7.3.4). 
The best fit values are i = 25°, Mq=1.3M0 , Rjn -  7R\, RoUt= 195 R lf a  = 2.2, a  = 
0.2. Changing these values to the standard model only resulted in minor changes to the 
profile, the most important being a decrease in line width (FWHM). The overall 
agreement was excellent considering that the model itself is very simple and that the 
parameters were determined independently of the model.
Warner (1973) has found an interesting correlation between the quantity Kq/ vqsinz 
and the mass ratio, q, where vqsinz is the projected rotational velocity of the disk, which 
takes the form
K l
v , sin i a
q (0 .5  - 0.227 log q)2 7.12
The value of vqsinz was taken to be -(FWHM)/2 of the profile. An improvement on 
the technique by Shafter (1983, 1985) involves a more precise method of determining 
vqsinz through the use of 11 'calibration' systems (double lined CVs) of known Kq and 
q. The values of vqsinz for these systems were derived using equation 5.12 and the 
relevant position in the profile corresponding to this velocity then determined. Shafter 
found that on average the full width of the line at -0 .3  times its maximum corresponded 
to 2vqsinz. We have used this method and derive vqsinz to be ~570 - 740 km s"*, 
depending on exactly where we place the continuum. This gives a value of Kq/ vqsinz 
between -0.07 and 0.10, implying q = 0.15 - 0.25. This is clearly incompatible with our 
previous spectroscopic determination of q -  0.5. If q were indeed -0.25, this would 
require either (1) the secondary star is much less massive than expected from the orbital 
period (ie ~0.3Mo ) , or (2) the 'white dwarf has a mass greater than 1.44M0 (-2 .4  M Q 
for a secondary star obeying the empirical mass-period relation; ie at -0 .6M o ). Option 
(2) is clearly untenable since the system would then be an accreting neutron star which is 
simply not consistent with the observations (eg Lx / L0pt). We must at this stage state 
that we are attempting a determination of q via a calibration which is designed for systems 
with complete accretion disks as opposed to truncated ones, as proposed here. Given the 
individual scatter of calibration points plus the possibility of additional complexities in the
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line profile (e.g. residual magnetospheric component), we consider that the determination 
of q from this method must necessarily be subject to greater error than the orbital 
determination in § 7.6.1.
7.6 .5  X-ray Spin Period Modulation: Accretion Column Model
The dominant periodicity of the LEI light curve is the rotation period of the white 
dwarf. This is the defining characteristic of the intermediate polars; ie the X-ray emitting 
DQ Her systems (Warner 1983, 1985). In the standard model for an accretion column 
(eg Lamb 1985, Frank, King and Raine 1985), material accretes along the magnetic field 
lines onto the magnetic pole(s) of the white dwarf. The exact accretion regime (AM Her 
or DQ Her) depends upon the magnetic field strength, mass transfer rate and white dwarf 
mass. In the simple dipole geometry, the accretion is in the form of a funnel over one or 
both poles. At some distance from the surface of the white dwarf (« Rwd) a. standoff 
shock forms and the hot post-shock plasma is heated to tens of keV and radiatively cools, 
mainly via free-free emission (thermal bremsstrahlung) of X-rays and possibly cyclotron 
emission in the UV, optical or IR, depending upon the magnetic field strength and 
accretion rates. The material then slowly comes to rest (subsonically) on the white 
dwarfs surface. A cylindrical or 'pill box' geometry is often envisaged for the shock/ 
post-shock region. The projected area of this columm is quite small, typically covering /  
-  10' 2 to 10-4 of the white dwarfs surface. Some of the downward directed photons 
(nearly 50% of them) are thermalized in this region, resulting in an increase in its 
effective temperature and resulting in black-body emission of photons from soft X-rays 
(20-40 eV) to the EUV, again depending upon the fractional area irradiated. The extreme 
field strength of the AM Her stars, coupled with the geometry of the accretion, implies 
that this black-body component can radiate a- substantial fraction of the total X-ray 
luminosity, namely L55 -  0.5 (Lbrem + Lcyc) . Thus AM Her systems are substantial 
soft X-ray emitters. In the case Lcyc « Ltjrem, the luminosities of the hard and soft X-rays 
(dominated by bremsstrahlung and black-body respectively) are approximately equal 
(Imamura and Durisen 1983), ignoring opacity effects. If the dominant opacity source, 
electron scattering, becomes significant, then the hard X-rays may be degraded through 
Compton collisions with electrons, which may gain enough energy to reradiate secondary 
bremsstrahlung radiation. Also, the energy budget is distributed more in favour of the 
soft X-ray emission.
For the DQ Her stars, the field lines do not trap the accreted matter at such large 
distances (ie near the secondary star or the stream), and the azimuthal extent of the region 
threaded by the field, A<J>, is considerably larger in the case of disk accretion. This leads 
to accretion over a much larger area of the white dwarf than in an AM Fler system, 
perhaps with /  as much as 10% (King and Shaviv 1984), and also a more complex
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geometry than cylindrical; for example, the area accreting is likely to be arc or crescent 
shaped. King and Shaviv explain the quasi-sinusoidal rotational X-ray light curves of 
DQ Her systems in terms of occultations of these areas (partial or total) by the body of 
the white dwarf as it spins (King and Shaviv 1983, King, Hameury and Lasota 1986). 
The sinusoidal nature of the lower energy X-ray light curves led these authors to 
conclude that the fractional areas were of the order/ -  0.1. The light curve shapes, with 
nearly sinusoidal oscillations for the softer X-rays and square wave-like light curves for 
the harder X-rays, have been explained in terms of a larger effective area (f) for the lower 
energies. This occultation model has been challenged by Rosen, Mason and Cördova 
(1988) who point out that such a model predicts that the amplitude of the light curves 
should be essentially independent of energy, contrary to most observations of DQ Her 
systems. Another serious criticism is the assumption that accretion occurs over the whole 
polecap area, implying that all field lines intersecting the disk trap material and feed it 
onto the white dwarf. Since the magnetic forces are <* r 3, the magnetic disruption of 
material is expected to occur over a limited range of radii Ar, where Ar -  r/3 -  VB/B, 
leading to a latitude band rather than polecap accretion region (Rosen, Mason and 
Cordova 1988).
We initially adopt the accretion column model of Imamura and Durisen (1983), and 
then expand it to include accretion over a range of magnetic longitude. The aspect angle 
of the column, a, defined as the angle between the line of sight and the column is 
expressed as
a =  cos‘1 [cos0c cos/ + sin0c sin/ cos<j>rot] 7.13
where 0C is the colatitude of the column (the angle between the spin axis and the accretion 
column), i is the orbital inclination and <t)rot the rotation phase angle (<})rot = 0.0 when the 
column points closest to the line of sight). The geometry is shown in Figure 7.16a. 
Wickramasinghe (1988) shows that the magnetic colatitude of the column is given by
sin<pc = (Rin)-0*5 cos^ [1 - sin^O ^sin-cp^"^ 7.14
where Rjn is measured in white dwarf radii, Q is the dipole offset angle from the spin 
axis and (pm is the magnetic longitude. The dependence on cpm implies that accretion 
will occur at the footprints of the magnetic field lines which intersect the disk over cpm -  
-90° to +90°. These footprints define an arc-shaped area on the white dwarfs surface. 
Rin was determined later in §7.6.4 to be -7R^, which leads to cpc in the range -15-22° 
for ^ < 45°. As p —> 0, (pc —> 22° and is almost independent of (pm (or 4>rot)- The 
accretion geometry is therefore not so much a column, but rather something analogous to 
an auroral arc or curtain (eg. Rosen, Mason and Cordova 1988). The requirement that
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we observe the accretion along, rather than perpendicular, to field lines leads us to adopt 
a small dipole offset of ^  -  5°, and hence the accretion arc is at a magnetic colatitude of 
-22°. With i -  25°, the aspect angle a  therefore varies from -2° to 50° over the rotation 
cycle for this geometry. Thus there is no self-eclipse of the emission region and emission 
from the second pole is never seen. This assumes that the shock height is small (h « R^) 
which we shortly show is indeed the case. The model is essentially that used by Rosen, 
Mason and Cordova (1988) to explain the marked energy dependent rotational X-ray 
modulation in EX Hya, with the exception that emission from both poles is observed in 
this higher inclination system (i -78°).
In Figure 7.16a we show the geometry of the accretion while in Figure 7.16b, the 
variation in aspect angle with magnetic longitude is shown for several rotational phases. 
The accretion rate along the field lines is expected to vary with <pm, peaking at (pm = 0° 
(Rosen, Mason and Cordova 1988). The shock height will therefore also vary with cpm, 
being least at cpm = 0 and greatest at the extremes. If most of the accretion occurs in an 
interval cpm ~ -30 to +30°, then the aspect angle is less than -50° for all rotation phases 
except the interval -0.4 - 0.6.
If the accretion curtain has a magnetic colatitude <pc(r), then accretion from r = R ^  j  
to Rin?2 will result in a fractional area, /, given approximately as:
/
costß + ^ C R ^ )]  - cos[ß + <t>c(Rin l) 
2 A4>Tm 7.15
for one pole only. We show in §7.6.7 that accretion is expected to occur over a region 
from -7 to 10 R\,  and hence for a small dipole tilt (which we show below is likely), the 
value of /  for each polar accretion region is -0.0025 to 0.005 for A(|>m -  n/2 to k 
radians.
In Paper I we showed that the LEI data were modulated at a level of 80-100% at the 
spin period compared to -20 - 40% for the ME data. Our prewhitening DFT results (§ 
7.5) essentially confirm those of Paper I. These results seem to be incompatible with a 
self-occultation of the white dwarf hot spot region. The energy dependence of the 
modulation is compatible with an absorption effect, for example photoelectric absorption, 
which affects the lower energy soft X-rays (0.1-2 keV) preferentially.
Theoretical light curves and X-ray spectra based on absorption effects within the 
accretion column have been produced by Imamura and Durisen (1983). The only 
significant source of opacity for the brems Strahlung photons in the hot (T £ 108K) 
post-shock region is electron scattering, which under certain circumstances (eg higher 
accretion rates and/or lower fractional areas) may be highly direction dependent (Lamb 
1985, King and Shaviv 1983, Imamura and Durisen 1983), resulting in non-isotropic 
hard X-ray emission. Imamura and Durisen include the effects of scattering in the for
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Figure 7.16a.
Figure 7.16b
Accretion geometry for 1H0542-407. a  = aspect angle of 'curtain', ß 
= dipole tilt angle, <pc = magnetic colatitude of column/curtain, cpm = 
magnitude longitude, Rjn>1 and Rin>2 = range of radii over which the 
accretion disk is disrupted.
Variation in aspect angle, a , between the line of sight and normal to 
white dwarf surface at (pc as a function of magnetic longitude for 
rotation phases 0, rc/4, tc/2, 3tc/4 and x.
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ionized, funnelled pre-shock flow, which they maintain is completely ionized in the 
region immediately above the shock, where the bulk of the Compton scatterings occur. 
They go on to show that the ratio of the electron scattering optical depths perpendicular 
and parallel to the field lines is given as
x  l x  = 0.95 ( f l  0.1 )°'5 7.16
-L ii
which implies T,, is ~5 to 7 times xj_. Adopting Imamura and Durisen's (1983) formulae 
for the optical depth across the column leads to values in the range of Xj_ -  0.3 to 0.4 for 
M ~ 2 x 1017 gm s'*, ~ 1.3 Mffl; values in the range expected (§ 7.6.2). The
converging nature of the accretion curtain, compared to the cylindrical column, will 
increase the effect of scattering the X-rays out of the sides of the curtain. We therefore 
expect that the X-ray emission will be in the form of a rotating fan beam, with the peak 
intensity nearly perpendicular to the column. The model regimes of Imamura and 
Durisen (1983), fo r/~  0.005, were investigated in an effort to quantitatively explain the 
shape of the rotational hard X-ray light curve. Their models were used to parameterize the 
quantities X j_ , x „ , kTbrem, kT ^, h and the luminosities above and below 2keV (Lft 
and Ls) in terms of the accretion luminosity (Lacc = GMM / R), which for 1H0542-407 
is ~ 1.2 x 1035 ergs s 'l  or ~ 0.6 x 1035 ergs over each pole. In Table 7.7 we 
present the model parameters derived for this accretion luminosity.
We now address the predictions of this model. The ratio of the hard X-ray flux 
escaping the sides of the column to that escaping along it is given as:
I x = I„ e-<*J. - *,r) ~ I„ e2.3 ~ 10 I„ 7.17
Hence only ~10% of the flux escaping to infinity perpendicular to the column escapes 
parallel to it. To achieve the observed ~20% modulation of the directly observed hard (>2 
keV) X-rays emitted from the accretion column only requires a change in the line of sight 
opacity of ~0.2. In the next section we argue that to have the reflected X-ray signal 
overwhelm the direct signal requires the observed column opacity to be high (ie x >2.5), 
which implies that the column must always be viewed close to parallel.
The morphology of the hard X-ray light curve in 1H0542-407 depends not only upon 
how a  varies with (f)r o t , but also the functional form of x(a). Imamura and Durisen 
(1983) show that the specific intensity of the hard X-rays is a strong function of p 
(=cosa) whenever electron scattering is an important source of opacity. Thus for all 
rotational phases we expect to be in the moderately high optical depth regime as far as line 
of sight opacities is concerned for 1H0542-407.
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It has been argued (King and Shaviv 1984, Lamb 1985) that if electron scattering 
opacity is significant in producing non-isotropic emission above 2keV, then 
photoabsorption of lower energy photons in the cold, partially ionized pre-shock plasma 
is even more important. Lamb (1985) concludes that if the viewing angle of the column 
is < 30°, then photoabsorption will produce a significantly deeper minimum for the softer 
X-rays. This is exactly what is observed; the LEI (0.1 - 2 keV) light curve is modulated 
at 80-100%.
The model we adopt, based on Imamura and Durisen (1983), has a significant soft 
X-ray luminosity (~5 times the hard bremsstrahlung luminosity), which is partly due to 
energy deposited at the white dwarf surface (mainly via hard bremsstrahlung photons and 
Comptonized electrons) and reradiated as a black-body of kT^b ~ 45eV. This black-body 
emission will occur in and around where the column meets the white dwarf surface and 
have a Lambertian (ie limb darkened) distribution, ignoring absorption effects. At 
rotational phases when we view this region through the partially ionized column of 
accreting material, the photoelectric absorption optical depth is very large. At phases 
when the column points away from the line of sight, the soft X-rays are much less 
obscured by the column, and those emitted in the region around it escape through a 
significantly reduced optical depth. The EXOSAT observations reported in Paper I were 
described by a simple bremsstrahlung model with a moderately high column of ~1021 H 
cm-2. This result is certainly compatible with our model, since the column density must 
be dominated by absorption within the system, as interstellar absorption is negligible at 
the galactic latitude for 1H0542-407 of 35°.
We now ask whether our accretion column model is compatible with the observed 
EXOSAT fluxes. Bremsstrahlung and black-body spectra were calculated with kT's of 
20 keV and 45 ev respectively and initially zero absorption. The normalizations were 
then adjusted so that (1) the ratio of the flux below 2 keV to that above was ~5 (the ratio 
of the luminosities in the model) and (2) the 2 - 10 keV flux equalled that observed, 
namely 3.3 x 10'11 ergs cm-2 s'*. Finally these spectra were subjected to absorbing 
columns between 1 x 1021 and 3 x 1021 H cm-2, the latter being an upper limit from 
Paper I. In Table 7.7 we present the predicted fluxes in the 0 .1-2  keV and 2 - 10 keV 
bands and compare them to the observed values derived in Paper I. The 0 .1-2  keV flux 
is the sum of both the bremsstrahlung and black-body components, while the 2 - 10 keV 
flux is entirely dominated by bremsstrahlung emission. Only for the upper limit for the 
absorbing column are we able to say that the model and observations are compatible. Of 
course the true picture is more complex than the model and is likely to vary with M, and 
hence time. Variations in the parameters Lacc and/will change the energy budget and 
the opacity of the column. However we require at least that the optical depth to electron 
scattering be high enough to account for preferential absorption along the line of sight so 
that the reflected hard X-ray signal dominates over the direct (see also next section). This
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Adopted values:
Predicted fluxes:
Observed fluxes:
TABLE 7.7
Accretion Column Parameters for 1H0542-407
/ 0.005
h 2 x 1017 gm s '1
M 1.3 Mo
^acc 1.2 x 1035 ergs s*1
k T Brem -20 keV
kTbb -45 eV
-2 x 1034 ergs s*1
L S -1 x 1035 ergs s '1
L (2 - 10 keV) -1 x 1034 ergs s*1
L (0.1 - 2keV) -1 x 1035 ergs s '1
T.i 2 .7
x± 0.4
Nr 3 x 1021 cm'2
F (2 - lO k eV ) 3.3 x 10'11 ergs s '1
F (0.1 - 2 keV) 8.1 x 10'12ergs s '1
F (2 - lOkeV) 3.3 x 10'11 ergs s '1
F (0.1 - 2 keV) 7.6 x 10'12 ergs s '1
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requirement means that Lacc//must be a reasonably high number, of the order ~1036 ergs
s -1 .
Finally we make a comment concerning the possible presence of the Fe K a emission 
line. In Paper I we identified this line in our EXOS AT spectrum with an equivalent width 
of ~0.4 keV. The strength of this line is in the range expected of an accretion column 
with ~0.2 -1.0 (Swank, Fabian and Ross 1984).
7.6.6 The X-ray Beat Period: Reflection
We concluded in § 7.4.4 that the dominant optical periodicity arose from reprocessing 
of X-rays at a point fixed in the binary frame of reference, probably either the secondary 
star or the bulge in the disk. A simple and analogous explanation of the X-ray variability 
seen at this same period is the reflection of X-rays from this same region, which we now 
investigate.
X-ray reflection has been studied by several authors including Basko and Sunyaev 
(1973), Basko, Sunyaev and Titarchuk (1974), Milgrom and Salpeter (1975a,b) and 
Felsteiner and Opher (1976). The former authors investigated the interaction of X-rays 
with the atmosphere of a normal secondary star (Teff < 16,000 K) in a binary. They 
showed that in the case of the Her X-l / HZ Her system, -30% of the hard (15-30 keV) 
X-rays could be diffusively reflected. The reason for the increased efficiency of the hard 
X-ray reflection lies in the importance of Compton scattering for photons of hv > 8 keV, 
and the decreasing efficiency (hv)*3) of photoionization for harder X-rays. The 
interaction of X-rays with the surface of a normal star produces a stellar wind effect in 
which the outflowing gas is heated to high temperatures by the hard X-rays. An 
increased mass outflow can result if there is an appreciable soft X-ray flux which 
decreases the height of the transition region (Basko and Sunyaev 1973). A consequence 
of this wind was shown by Basko, Sunyaev and Titarchuk (1974) to be increased albedo 
of the star to softer X-rays in the range ~3 - 10 keV. The reflected X-rays are emitted in a 
non-isotropic manner with harder X-rays preferentially reflected at ~90° to the normal 
incidence flux. Furthermore, the energy albedo is greater for higher angles of incidence. 
Approximately 30-40% of the incident X-ray flux is reflected while the rest is absorbed 
and heats the atmosphere which re-radiates as an approximate black-body in the 
optical/UV region.
We therefore have a mechanism which is able to modulate the hard (ME) X-ray 
emission at the beat period, namely X-ray reflection. Degradation of the energies of the 
reflected photons, through Compton scattering in the hot wind/corona, may account for 
the weak second period peak observed at the beat period in the LEI data.
We now address whether the observed pulse amplitude of ~20% can be explained in 
terms of the current model, at least qualitatively. If we adopt the arguments of
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Wickramasinghe, Stobie and Bessell (1982), then for isotropic X-ray emission over 2k 
steradians, the accretion disk and secondary will intercept up to 7% and 3% of the X-ray 
flux, respectively. Since the hard X-ray emission is far from isotropic, it is possible that 
the interception percentages could be increased by a factor of ~3 due to beaming. The 
reflected X-rays themselves are also not isotropically re-emitted, but the emission pattern 
is dependent both on photon energy and the angle of incidence (eg. Basko and Sunyaev 
1973, Milgrom and Salpeter 1975a, and Felsteiner and Opher 1976); indeed the problem 
is a rather complex one. By invoking beaming to reduce the direct line of sight X-ray 
flux from the white dwarf to ~10% of the flux sweeping the disk/secondary star, plus 
non-isotropic reflection off the secondary, we are able to obtain pulse fractions close to 
~30%. We have have further assumed, due to its symmetry, that the disk does not 
modulate the reflected X-ray signal; however, in principle we might expect a modulation 
to arise from changes in the angle between the line of sight and reflection vectors. Such a 
modulation would occur at the spin period and add to the modulation caused by the 
varying aspect of the accretion column (§ 7.6.5 ). We have also neglected the disk 
hot-spot, which we later show is important as an X-ray reprocessing site. Its effective 
area, though, is much less than the disk or secondary star. Our conclusion is that the 
observed ~30% hard X-ray modulation at the beat period is consistent with reflection off 
the secondary star.
7.6.7 The Optical Beat Period: X-ray Reprocessing Model
In order to investigate the X-ray reprocessing we have developed the following model 
which incorporates X-ray irradiation of an accretion disk, its hot-spot and the inner facing 
surface of the secondary star.
7.6.7.1 The Accretion Disk
The standard optically thick a-accretion disk model of Shakura and Sunyaev (1973) 
was adopted, with an adaptation which restricted the disk to a minimum radius, Rjn, 
equal to the magnetospheric radius. We used the following expression for central disk 
temperature (z = 0.0) T0, height H, and optical depth T as a function of radius (Frank, 
King and Raine 1985).
T0 (R) = 1.4 x 10 K 7.18
cm 7.19
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where r = 1 - (R^/R^-S and the surface temperature of the disk is given as
T(R3 )  -  T0(R) x“25 K 7.21
The nature of most parameters is self evident, with the subscripts defining the units (eg. 
Miß is in 1016 gm s'*, M} is in solar masses, R^q in 1010 cm).
The disk spectrum was then calculated by integrating the Planckian flux of individual 
annuli of constant radius over the whole disk:
F
X
2^B^[Teff(R)]RdR 7.22
The size of the disk is specified by the outer and inner radii. We adopted the previous 
estimates of Rjn, where the spin period velocity variations are interpreted in terms of a 
magnetospheric disruption model (§ 7.6.3.2 ). As for the outer radius, we argue as 
follows. Lubow and Shu (1975) show that, ignoring viscosity, a mass transfer stream, 
resulting from Roche lobe overflow onto a degenerate dwarf, will form a ring at a radius 
of ~ 0.09 - 0.16 Rl i} the latter being the mean Roche lobe radius of the degenerate 
primary. Shafter (1983) shows that if the transferred material conserves angular 
momentum, the outer radius of an inviscid disk is
r = a (1 + q) [0.5 - 0.227 log q]4. 7.23
In the real world of the viscous disk, momentum is transferred outwards so that the outer 
disk radius is expected to be larger. From observations of many CVs (eg. Hessman 
1988, Sulkanen 1981, Shafter 1983) a typical outer disk radius is ~2.5rj, which we 
have used.
We have treated the X-ray irradiation of the disk in the following manner. Firstly we 
assume that the X-rays emanate from a point source at a height above the z=0 disk plane 
of hx ~ cos((pc + ß) white dwarf radii. The X-rays are confined to a fail beam with an 
azimuthal extent of fp).27t radians. For each disk annulus of constant R, the angle of 
incidence of the X-rays is calculated. We assume that ~60% of incident X-rays in the 
major region of interest (0.1 - 10 keV) are absorbed, and further assume that this energy
is re-radiated as a black-body of temperature TX(R) where
r F (R) + aT4(R) -i 0-25
T (R) = [ - ^ ------------------ ]  K 7.24
o
FX(R) is the flux at R, corrected for incidence angle, and T(R) the disk temperature 
before X-ray irradiation. A correction factor of cosi was finally applied to the emergent 
line of sight flux to account for disk inclination. The parameters, and their likely values 
(see § 7.6.7.4), for the disk model are given in Table 7.8.
1.6.1.2 The Hot-Spot/Bulge
One of the possible sites for X-ray reprocessing giving rise to an optical modulation 
at the beat period is the disk hot spot or bulge (Hassall et al. 1981, Wickramasinghe, 
Stobie and Bessell 1982). We have added a simple circular hot-spot to our disk model, 
based upon the work of Bath et al. (1974). The total luminosity of the hot-spot is
Lhs
G M j 11
7.25
while its temperature is
5 .0 .2  .0 8 0 4 -0 2T = 3.0x10 R o NT Q ' K hs 16 hs,9 1 ^
where
0.33 „ -0.11 *-0-1q = 11.6M, r- ;9 n 7.26
Furthermore, the hot spot height is given as
u  1 n  1 rJ  M0-1 rV0*1 ü 1-1 a /t'0-3
hhs '  L 9 x l °  n i6 Q R h s .9 M l cm 7.27
The total area of the spot is thus ~Lhs / aT hs4 ~ tc d^s2 , with dhs being the spot 
radius. We find therefore that the angle subtended by the hot-spot at the white dwarf 
surface is ~ 2d^s / R^s radians.
7-63
7 .6 .7 .3  The Secondary Star
The only other significant reprocessing site is the heated face of the secondary star (eg 
Patterson and Price 1981). For the purposes of our model we have assumed the 
secondary to be spherical with a radius equal to the mean Roche lobe radius (Eggleton 
1983),
R2 a [ ______ 2 £ s ü ______ ]
0.6 q** + ln (1 + qLn)
7.28
We deduce a secondary spectral type of MOV and effective temperature of -3800 K 
based on the empirical ZAMS calibration for other CVs (Patterson 1984). The 
secondary hemisphere facing the white dwarf was divided up into a series of annular 
areas about the stars' line of centers. Each annulus has a constant X-ray angle of 
incidence and therefore X-ray modified effective temperature. We use equation 5.25 to 
calculate the temperature after irradiation. For a low inclination angle (z < 25°) , the 
projected area of the secondary consisted of a major fraction from the unilluminated 
secondary and the remainder from the heated surface. The resulting line of sight flux 
from the secondary was then calculated, without any limb darkening corrections. We 
note that a typical disk thickness at R0ut is -5 R^ and hence the half angle which the disk 
subtends is £ 1.5° compared to -  20° for the Roche lobe filling secondary. Shadowing 
of the secondary by the outer disk is therefore considered to be less important than, for 
example, in AO Psc (Wickramasinghe, Stobie and Bessell 1982). This effect has 
therefore been neglected in our model.
7.6.1 A  Reprocessing Model Results
The above integrated model for reprocessing in the accretion disk, hot-spot and 
secondary was used to synthesize the overall flux distribution from the various 
components. These results were compared to the observed continuum flux distribution 
and were used to predict the optical pulse amplitudes arising from reprocessing. The disk 
parameters were in turn used in the accretion disk profile simulation code (§ 7.6.4) to 
check consistency. We held constant the parameters a=0.5, z =25°, hx=0.7 and varied 
the following within the limits 1.0 <M!<1.4, 5<f116<15, 3<Rin>w(i<12, 0.25<fc[<0.5, 
1< LX)34<10. We used equation 7.23 to define Rout; and assumed Rhs = Rout - d^s.
We were able to arrive at a result which adequately accounted for the observations 
(both the flux distribution and emission line widths) and at the same time is consistent 
with the dynamical and accretion column models. The result is summarized in Table 7.8
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and the flux distributions for the various components are shown in Figure 7.17, while in 
Figure 7.18a we compare the mean model flux distribution to our only accurately fluxed 
spectrum (Paper 1). In Figure 7.18b we show an expanded version of the flux 
distribution (logF^ vs X), together with the observed spectrum and the U, B, V, R, I, J, 
H and K magnitudes, deconvolved for the effects of the F5V contaminant star (74.1). The 
fluxes in these bands were all calculated from the values in Table 7.3 using the zero point 
corrections of Bessell (1979) and Bessell and Brett (1988). The magnitudes are all 
displaced by -0.2 in logF^ for clarity. Over most of the optical to ER wavelength interval, 
the model distribution agrees quite well with the observations and can be Fitted with an a  
= 2.4 power law; ie F^ <*= ^-2-4. This is close to the expected power law for an 
optically thick, stable accretion disk, namely a  = 2.33 (Lynden-Bell 1969).
Pertinent points concerning the results of the overall model are now discussed. The 
system has a rather high white dwarf mass (-1.3M0 ) and an accretion disk which is 
mostly intact, being disrupted close to the white dwarf. Any decrease in Mq has to be 
offset by a decrease in Rin/R^. However as this ratio approaches -3 at Mj -0.9Mq, the 
regime changes such that accretion occurs over a much larger area of the white dwarf 
(Bath et al. 1974), and thus / »  0.01 and Lf (=Lacc//) is decreased by an order of 
magnitude. As our accretion column model (§ 7.6.5) demands Lf > 1036 ergs s 'l ,  we 
are forced to consider Rin / R^ > 5 so that we have a sufficiently small/value. The 
adopted value for Rout of 195 Rj (5.66 x 1010cm) implies that the accretion disk 
extends to -90% of the mean Roche lobe radius, a value considered typical in CVs (eg. 
Shafter, Szkody and Thorstensen 1986). The irradiated disk temperature varies from 
-26,000 K near Rm to -3000 K at Rout> whereas the unilluminated disk maximum 
temperature is only -7000K.
The X-ray luminosity of 2.5 x 1034 ergs s '1 applies to the magnetic pole we can see, 
and therefore implies a total accretion luminosity of -5 x 1034 ergs s"l, although this is 
likely to be somewhat higher to account for opacity effects plus the disk luminosity. The 
total accretion luminosity is thus up to half that assumed for the accretion column model 
in § 7.6.5. However, in § 7.6.2 we mentioned that such a variation is observationally 
supported by the existence of brighter states of presumed enhanced mass transfer. It is 
therefore possible that 1H0542-407 was in a somewhat brighter (by -  l m) state of 
enhanced mass transfer during the EXOSAT observations.
The hot-spot varies in temperature from -14000 to 15500 K before and after X-ray 
illumination. The spot bolometric luminosity is -1.2 x 1033 ergs s'* and is a dominant 
contributor to the total blueward flux; ie at X < 3600Ä. The hot spot height is -5 Rf, of 
the order of the disk thickness, and the spot radius is -15Rj. This implies that the hot 
spot has an azimuthal extent of -9° as viewed from the white dwarf. This is somewhat 
less than the typical 20° (Bath et al. 1974) inferred from eclipse observations of CVs
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Figure 7.17
Figure 7.18a
Figure 7.18b
Predicted flux distribution from the various components making up the 
reprocessing model for 1H0542-407 (§ 7.6.7.4).
The mean summed spectrum of all the components shown in Figure 
7.17, compared to the observed flux distribution (Paper I), scaled to a 
distance of r570 pc.
Observed magnitudes (displaced by -0.2 in logF^ for clarity), 
deconvolved for the effects of contamination by the nearby (~4 arcsecs) 
F5V star, plotted with the observed spectrum and the model flux 
distribution.
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with humps (eg Warner 1974). However these systems (eg. SU UMa binaries) are 
shorter period, smaller disk systems with hot spots subtending commensurably larger 
angles.
The secondary star's atmosphere reaches a maximum temperature due to irradiation, 
at the sub-X-ray point, of ~8500 K which falls off to the ambient temperature of -3800K 
at the terminator. We note however that in our simplified spherical geometry we have 
neglected the effects of gravity darkening, which will tend to increase the temperature of 
the polar region and decrease the equatorial temperatures of a Roche lobe filling 
secondary.
We see that the mean flux distribution well represents the observed continuum over 
the interval M.3900-7400. The additional continuum flux observed bluewards of 
-Ä.3900 is in part due to the Balmer jump in emission, arising from the optically thin 
region of the disk. This region is the hot 'chromosphere' of the disk which we have not 
attempted to model here. Additional contributions to the system luminosity, particularly 
in the UV, may also be expected from the disk/magnetosphere interface where it is 
expected oblique Kelvin-Helmholtz shocks may form.
By fixing the disk parameters to those derived above (ie in Table 7.8), we were able 
to achieve a reasonable accretion disk model line profile, which matches the observations, 
by adjusting the power law exponent in equation 7.8 to equal 2.2, the result of which is 
shown in Figure 7.15 for the Hß line. This value of a  is certainly in the range expected 
for our Shakura-Sunyaev disk model, which predicts a shallower fall-off in intensity for 
the inner disk regions and a steeper value further out than a constant power law does.
7.6.8 Optical Modulation Amplitudes
A question which must now be addressed is whether the observed amplitudes of the 
optical modulations can be adequately explained in terms of the proposed reprocessing 
model. White and Marshall (1981) concluded that for AO Psc, the ratio of reprocessed 
optical flux to X-ray flux was much larger than expected from a simple reprocessing of 
isotropically emitted X-rays. A similar situation exists for other DQ Her systems; for 
instance FO Aqr has an X-ray flux which is 1/10 that required (Patterson and Steiner 
1983). Several solutions to this dilemma have been proposed, including X-ray beaming 
(Warner 1985) and the presence of another component to the beamed luminosity; eg. a 
soft X-ray flux. Our model for 1H0542-407 has both these effects, a fan beam and 
increased soft X-rays from Compton scattering within an accretion curtain with 
significant electron scattering opacity.
7.6.8.1 The White Dwarf Spin Period
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In general we expect any reprocessed optical luminosity from an accretion disk to be 
modulated at the white dwarf spin period. Such an effect is due to the concave disk 
surface which produces a front-back asymmetry (Cropper 1984). Wickramasinghe, 
Stobie and Bessell (1982) find that the amplitude of such a variation is ~ tani tan5, where 
5 is the maximum angular extent in the z-direction of the disk as seen from the white 
dwarf. Our a-disk model predicts 5 -  3°, and with i -  25°, the rotationally modulated 
reprocessed flux should have an amplitude % 2%. Additional unmodulated flux will 
dilute this modulation even further. We note that the upper limit derived in §7.4 is 
-2.5%.
7.6.8.2 Reprocessed Modulation
In Figure 7.19 we present the ratio of the spectra for the models with and without 
X-ray illumination. This represents the maximum full amplitude flux variation as a 
function of wavelength and ranges from 44% in the blue to 21^ % in the red, which 
corresponds to pulse fractions of 22% to 12%. Additional sources of optical flux (or a 
Rayleigh-Jeans tail of an EUV/UV source), not so far considered, could reduce these 
pulse fractions. Such a source could be the accretion column/curtain, the hot spot on the 
white dwarf, or the magnetospheric disruption region. Our UBVRI photometry (Paper I 
and § 7.4.1) givespulse fractions from 14% (U) to 11% (R). The folded light curve for 
the entire high speed B-band photometry has a pulse fraction of -8%, which corrected for 
the contaminant star using the procedure outlined in Paper I, is -17%. Considering 
possible uncertainties arising from the deconvolution process, plus the temporal changes 
in system luminosity, flickering etc, the model is quite able to explain the observed pulse 
fractions.
7.6 .9  Luminosities and Distances
In Table 7.9 the surface fluxes and absolute V magnitudes are listed for the three 
components of the model.
7.6.9.1 The Secondary Star
The non-irradiated secondary star has Mv = 8.95 which is very close to the predicted 
value of -9 based upon Patterson's (1984) empirical Mv - Period relation. We use 
Bailey's (1981) method to determine the distance to 1H0542-407 using the IR 
observations (§ 7.4.6). We have deconvolved the J, H & K magnitudes for the effects of 
contamination by the nearby V * 15.6 F5V star and the corrected values are given in 
Table 7.3. The V-K measurement of -2.2 is clearly affected by the disk and hot-spot and
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TABLE 7.8
Parameters for Accretion Disk, Hot-Spot and Secondary Star
I 25° a 0 .5
M
1 1.3 M 0 r d 0 .2 5
R in 7 R j Lx 2.5 x 1034 ergs s '1
D
■‘'o u t 195 R j h 7.5 x 1016gm  s*1
R hs 180 R j ^  (Rout) 5 .2  R j
<*hs 15 R j h (hs) ~ 5 R j
TABLE 7.7
Predicted Surface Fluxes and Absolute Magnitudes of the Components 
of the Model for 1H0542-407
C om ponen t Fv (ergs cm  s*1 Ä*1) M v
A ccretion D isk  (1) 2 .83 x 1027 7 .7 4
MO V S econdary  S tar (2) 9.3 x 1026 8 .95
D isk  ho t-spo t (3) 1.2 x 1027 8 .6 7
Illum inated  S econdary  (4) 2 .48 x 1027 7 .8 8
Illum inated  ho t-sp o t (5) 1.43 x 1027 8 .4 8
Sum  o f  1, 2 &  3 5 .02  x 1027 7 .1 2
(non-illum inated)
Sum  o f  1, 4 &. 5 6 .89  x 1027 6 .7 8
(illum inated)
M ean 5.9  x 1027 6 .9 4
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Figure 7.19 Ratio of X-ray illuminated to non-illuminated fluxes for the reprocessing 
model (§ 7.6.8.2).
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should not be taken as an indication of the secondary’s color. Instead we adopt a 
standard V-K of 3.7 for a MOV star (Bessell and Brett 1988). If we assume all of the K 
flux (K ~ 13.6) comes from the secondary star, then we derive a lower limit to the 
distance of ~450 pc, which varies by < ±100 pc over a wide range of V-K.
7.6.9.2 Mv of the Disk
Here we use Patterson's (1984) calibration between the Hß equivalent width and 
Mv,disk- The broad component of the Balmer line, which we have attributed to the 
accretion disk, has an E.W. in the range 15-20Ä. Since only the inner, optically thick 
dominated, regions of the disk are absent in our truncated disk model, we can still safely 
use Patterson's calibration for CVs with normal (ie undisrupted) disks. The implied 
M v,disk "7-7.5, contrary to our claim in Paper I of ~9. This latter estimate was, 
however, based on the premise (now shown to be false) that all of the line emission was 
produced in the disk, whereas we have convincingly shown that a major contribution 
arises in the magnetosphere. We further note that the model predicts Mv<(jisk to be ~7.7, 
not too different from the empirical result and certainly in the range expected for dwarf 
novae in quiescence (Wade 1985).
The model has a total mean Mv of ~6.9 which implies a distance of ~570 pc for a 
mean observed V of 15.7.
7 . 6 . 9 . 3  X-ray Models
The accretion column model described in § 7.6.5 has a 2-10 keV unabsorbed 
luminosity of -1 x 1034 ergs s 'l. If we accept that electron scattering reduces the average 
line of sight flux by a factor ~0.1 (ie line of sight t es ~ 2.3), then from the observed 2-10 
keV flux of 3.3 x 10'11 ergs cm"2 s 'l ,  we derive a lower limit distance of ~500 pc. We 
note that a 2-10 keV luminosity of ~1034 ergs s 'l  is near the upper limit for CVs 
(Cordova and Mason 1983), but is compatible with some upper limits determined in other 
DQ Her systems (eg. AO Psc, Hassall er. al. 1981, Berriman 1988). The higher 
luminosity is consistent with the high white dwarf mass and increased M for the longer 
orbital period. The conclusion of this section is that several independent lines of inquiry 
lead to a distance of >500 pc for 1H0542-407. Such a value is larger than usually thought 
for DQ Her binaries; however, in the concluding sections of this paper (in § 7.7) we 
discuss the possibility that X-ray luminosities higher than previously thought may explain 
problems with X-ray reprocessing energetics.
7-74
Figure 7.20 Magnetospheric radius as a function of white dwarf mass and 
parameterized for surface magnetic field strengths of 1, 2, 5 and 10 MG 
and a mass transfer rate fi= 7.5 x 1016 gm s '1 (1.2 x 10-9 M q y r 1) , 
from Campbell (1987) (§ 7.6.10).
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7.6.10 Magnetic Fields
The magnetospheric radius has been shown by King, Frank and Ritter (1985) to be 
r = 2.7 x 1010 n f .7 M T  M‘,1/7 $ cm 7.29
|X j j  l u  1
where JI33 is the magnetic moment (in units of 1033 G cm3) and <}> a dimensionless 
variable dependent upon the accretion geometry, equal to 0.5 for accretion via a disk and 
0.37 for diskless accretion (eg. AM Her systems). Campbell (1987) gives an alternative 
expression in terms of the surface magnetic field strength, B (= ji / R3), which may be 
written
r
4
1.08 x 1010 cm 7.30
where Bö is the magnetic field in 106 G. If we accept that r^ = Rin ~ 7R^ and adopt 
the standard values (Mi = 1.3, = 7.5, R9 = 0.29) then we derive a Field strength
of ~6 MG. In Figure 7.20 we show the variation in r^ with Mj for several assumed field 
values and constant Mig = 7.5. If we confine the parameter values (Mj & r^) to those 
allowable by our above models, then we find that B has to be in the range 1-10 MG. 
Such values are expected if the DQ Her systems have magnetic moments smaller than the 
AM Her binaries, all of which have field strengths of between ~20 and 60 MG, as is 
believed to be the case by Lamb (1983, 1985), Lamb and Patterson (1983), Lamb and 
Melia (1987). Null detections, or low values, of circular polarization in DQ Her systems 
(eg Penning et al. 1983, Cropper 1986, Watts et al. 1986, Paper I), with one exception, 
seem to lend support to the weaker field hypothesis. Even for the exception, BG CMi, 
where ~4% circular polarization is detected at H (West, Berriman and Schmidt 1987), the 
magnetic field is only 5-10 MG. This is contrary to the ideas of some workers (King, 
Frank and Ritter 1985, Hameury et al. 1986) who argue that the moments are essentially 
equal for DQ and AM Her systems. Indeed, Chanmugan and Ray (1984) and 
Chanmugan and Frank (1987) claim that the low polarization values, or upper limits, do 
not neccessarily imply low field values, a view challenged by Wickramasinghe (1988).
Generally the only reliable estimates of B in DQ Her stars are derived from their 
equilibrium spin periods (Lamb 1983, Schmidt and Leibert 1987) and rate of change of 
their spin periods. If the white dwarf is spinning at its equilibrium period then the total 
torque acting on the white dwarf vanishes; that is the accretion torque acting to spin up 
the star is equal and opposite to the magnetic torque trying to slow it down. King, Frank 
and Ritter (1985) show that the following inequality holds:
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P P / T  \ 3/2
> - 2 -  = ( - a )  (l + q)1/3 7.31
orb orb a
For 1H0542-407, this implies / a must be <0.18, and as / a -  0.015, we conclude 
that the white dwarf is not spinning at its equilibrium value and predict that Pspin < 0.
7.7 Discussion and Comparisons
7.7.1 The Illuminated Spot Model
Our conclusion regarding the inapplicability of the rotational illumination model 
(Penning 1985) as applied to 1H0542-407, and the subsequent explanation of the 
rotationally modulated velocities in terms of magnetospheric disruption of an accretion 
disk (§ 7.6.3, § 7.6.4), lead us to re-examine Penning's model in more detail. We 
pursued a similar analysis on Penning's data for V1223 Sgr and BG CMi 
(3A0729+103), the two systems with the most complete determination of system 
parameters. For both systems the radial placement of the illuminated spot presents 
problems, namely for Keplerian velocities to be responsible for the observed (albeit 
crudely determined) velocities of -60-100 km s_l, the illuminated spot is required to be at 
a distance > a, the binary separation. Such a situation is clearly untenable and we 
therefore attempted to explain these variations in terms of our successful magnetospheric 
disruption model. For V1223 Sgr, the observed velocity semi-amplitude is -90 km s'*, 
and the magnetospheric co-rotation radius (eq. 5.32) is in the range -2.5 to 5 white dwarf 
radii (R^) over the allowable range in inclination (15° to 27°; Penning 1985). This is in 
good agreement with the inner radius of the accretion disk, as deduced from the line 
widths, which vary from -2.5 to 6 white dwarf radii over the allowable range in 
inclination and white dwarf mass (0.4 to 0.6MS). In the case of BG CMi, the respective 
ranges are Rjn -  4 - 20 R \  and Rc -  1.5 - 5 R\,  with an overlap of the two near i -  20° 
and Mi  -  1MC, the upper limits given by Penning. We conclude that the velocity 
variations at the white dwarf spin period seen in 1H0542-407, V I223 Sgr and BG CMi 
can all be explained by magnetospheric disruption of an accretion disk and the 
subsequently trapped material being pulled around by the magnetic field of the white 
dwarf.
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7.7.2 Alternative Sideband X-ray Period Model
An alternative explanation for sideband X-ray periods in DQ Her systems has been 
offered by Mason et al. (1987). Here, the mass transfer stream is disrupted by magnetic 
pressures before it circularizes and forms a disk through viscous stresses. The stream 
therefore penetrates directly into the magnetosphere at a point of constant azimuth angle; 
ie fixed in the binary frame of reference. As the tilted dipole spins, the accretion rate onto 
the magnetic pole is modulated, which in turn leads to an X-ray flux variation at the beat 
period. This is referred to as the 'accretion gating' model by Mason (1985), and Lamb 
and Mason (1986), and has been used to explain the X-ray modulations seen in 
1H0542-407 and V1223 Sgr (Mason et al. 1987, Lamb and Melia 1987). We have 
investigated this alternative for 1H0542-407 and conclude below that, except for 
improbably high magnetic field strengths, it is unlikely to be the mechanism responsible 
for sideband modulation of the hard X-rays.
Lamb and Melia (1987) show that the magnetic moments (p) for DQ Her stars are 
approximately an order of magnitude less than AM Her stars. They further conclude that 
accretion disks will be present in DQ Her stars of sufficiently low p. The criterion for the 
presence of a disk is that rj > r^, namely the radius of an inviscid ring, rj (eq. 7.23), be 
larger than the magnetosphere. Over a wide range of primary mass (1.4 to 1.0 M Q), the 
radius of such a ring is ~2 x 1010 cm. If we equate this with the magnetospheric radius 
(see eq. 7.30), then we derive the following lower limits to the magnetic field strength, 
B, of 40-350 MG for a white dwarf mass of 1.0 to 1.3 M 0 and a mass transfer rate of 
7.5 x 1016 gm s 'l .  This in turn implies p -  6 - 9 x 1033 G cm3. There is no evidence 
for such a large surface field, and we restate that the 3a upper limit for circular 
polarization in 1H0542-407 is 1% (Paper I). We also note that even in the model of 
King, Hameury and Lasota (1985), accretion disks are expected to be present in DQ Her 
systems with orbital periods greater than ~5 hours. There is ample evidence in most DQ 
Her systems for accretion disks, even for those with shorter periods, for example EX 
Hya (Hellier, Mason and Rosen 1987). Such evidence includes the line widths and 
sometimes the presence of tell-tale double peaked emission, a recognised signature for an 
accretion disk.
7.7.3 EX Hya: Models for Spin Modulation of Emission Lines
As already stated, the accretion model used for EX Hya is quite similar to 
1H0542-407 (§ 7.6.5). The increased inclination of EX Hya (-78°) allows emission 
regions from both poles to be seen (Kaitchuck, Honeycutt and Schlegel 1987, Rosen et 
al. 1988). While the former authors show that the lines widths are modulated at the 67 m 
white dwarf spin period, they report no velocity variations at this period. However the
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variation in the ratio of the strengths of the red and blue peaks of the line profile over the 
spin period, reported by Hellier et al. (1987), could be interpreted as a velocity variation. 
If our magnetospheric disruption model can be applied to this system, then for an inner 
disk radius of ~10 R*, a white dwarf mass of 0.78 M0 , and inclination of 78° (Hellier et 
al. 1987), a velocity semi-amplitude of ~100 km s_1 would be expected at the spin period. 
The absence of such a velocity to date may be a result of the complex nature of the line 
profile (eg the S-wave), and the close commensurability of the orbital and spin periods (ie 
^spin = 2/3 Porb)*
The model which Kaitchuck et al. (1987) use to explain the line width variations has 
an accretion funnel over both poles. As the white dwarf rotates, our view of the 
funnel(s) changes from looking almost along it, to transversely to it. In the former 
orientation, we observe an increase in the line widths due to material streaming in both 
(opposed) directions onto the poles. In 1H0542-407, the low value of the observed 
rotationally modulated velocity, -  30 km s”1, implies that the streaming motions of gas 
towards the poles must be negligible in the region dominantly responsible for the 
emission. We have already identified the emission site to be the disk region between 
and Rjjj + AR (see § 7.6.5), where the field lines thread the disk. Here the gas velocity 
is dominated by turbulence, a possible result of the shock at Rjn = r^ where the gas is 
suddenly slowed from Keplerian motion to forced magnetospheric rotation. It has 
therefore not yet attained the large streaming velocities (~free fall) of material approaching 
the poles. If the emission is optically thin, then the larger volume of this region will 
dominate emission from close to the poles. In this picture we do not expect a variation of 
line width at the spin period. The presence of such a variation may be explained as 
follows. If there is a component to the emission from gas leaving the 
disk/magnetosphere region in the form of a wind (eg. Honeycutt, Schlegel and Kaitchuck 
1986), then the superposition of this component would produce just such a modulation. 
The wind component would be blue-shifted with respect to gas co-rotating at the 
disk/magnetosphere boundary. Thus at maximum approach velocity (ie blue shift) of this 
rotating gas, the sum of both components will result in a narrower line than at maximum 
recessional velocity. The total width variation (a) achievable in this model would be 
~2K2, or 60-80 km s_1 (1 - 1.3Ä). We note that a  for HeEß.4686 is seen to vary, at 
most from 5 to 7Ä (Fig.7.2(c) and7.3(c)), although the rotationally binned data show an
o
amplitude of only ~1A ( Fig. 5 ). If this picture is correct, then the difference in y 
velocities between the rotating and wind component is ~200 km s'*.
7.7.4 TV Col: A look-alike ?
TV Col is the most similar DQ Her system to 1H0542-407 in terms of orbital and 
spin periods, at 5.49 h and 1911 s (actually identical to 1H0542-407!) respectively. This
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system has the added complication of a 5.2 h beat period attributed to a -4  d precession 
of a tilted/warped disk. It is now joined by 1H0542-407 in that both show no sign of a 
rotational optical variation, and neither does it exhibit an orbital-rotational beat period 
modulation. Flux measurements from the UV to ER are well fitted by a combination of an 
optically thick disk spectrum and a -9000 K black-body, the latter probably attributable to 
a disk bulge/hot spot (Mouchet et al. 1981). Mouchet et al. (1981) further find that the 
mass transfer rate is £ 1017 gm s'*, implying an accretion luminosity of ~1035 ergs s’*. 
Recent unpublished IR photometry (Berriman 1988) indicates a distance of £500 pc. 
Thus we see that TV Col shares several characteristics with 1H0542-407, most 
importantly, similar accretion parameters and distance.
Recently TV Col was observed to undergo a V~3-4m outburst (Schwarz and 
Heemskerk 1987), thus joining EX Hya, SW Utya and GK Per as DQ Her systems 
exhibiting dwarf-nova-like outbursts.
7.7.5 AOPsc
We have already discussed this system in § 7.6.7 with regard to X-ray reprocessing 
sites. The system shows a similar behaviour in its X-ray light curves to 1H0542-407 in 
that the softer energies are more strongly pulsed. Rather than appealing to large pole-cap 
fraction (/), as King and Shaviv (1984) do, we prefer to invoke the accretion curtain 
model (§ 7.6.5 and Rosen et al. 1988), where accretion occurs over an arc-shaped 
region on the white dwarf surface of approximately constant magnetic latitude. If we 
furthermore invoke line of sight opacity variations, then pseudo-sinusoidal X-ray 
modulations are expected. We now make the interesting observation that if the harder 
X-rays are produced near the center of this arc (where fi is greatest, and hence Lacc//), 
and the X-rays are fan-beamed, then the brief dip observed in the 5-15 keV light curves 
(White and Marshall 1981) could be due to the disappearance of part of this hard X-ray 
emitting region over the limb of the white dwarf as it rotates. Such a dip would not be 
seen at lower energies since the emission region is likely to be more extended (eg 
Wickramasinghe 1988).
We now remark on the aforementioned problem with the energetics of X-ray 
reprocessing (§ 7.6.8). Our results for 1H0542-407 show that if we invoke optical depth 
effects, with subsequent beaming, and an increased intrinsic X-ray luminosity and 
therefore distance, then the deficit between X-ray and reprocessed luminosities seen in 
AO Psc (White and Marshall 1981) and FO Aqr (Patterson and Steiner 1983) disappears. 
We note that there is already some evidence for larger distances for DQ Her stars, 
particularly arguments based upon ER observations of the secondary stars (§ 7.6.9 and 
Berriman 1988).
We also comment that the problematic emission line variations of 1H0542-407 at the
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spin period are also seen in AO Psc. Wickramasinghe et al. (1982) observed no 
variations at the spin period of the white dwarf, but did find a ~25% EW variation for 
HeIlX4686, at the beat period. Hutchings and Cote (1986) found velocity variations at 
K2 -  50 km s_1 for Hell, Hß and Hel, which were likely modulated at the beat, rather 
than spin period, although the latter could not be definitely excluded. The variations in 
EW seen by Hutchings and Cote, namely Hß and Hell modulated at the beat period while 
Hell was constant, was contrary to the results of Wickramasinghe et al. (1982), who 
found that only Hen varied. These results seem to rule out an X-ray illuminated inner 
disk model, like that proposed for DQ Her by Chanan et al. (1978), since such a model 
predicts variation only at the spin period. Hutchings and Cot6 believe an explanation lies 
in reprocessing off a fixed feature in the binary frame.
Finally we make the interesting observation that for all but one of the low inclination 
(i £30°) DQ Her systems (V1223 Sgr, AO Psc, 1H0542-407 and FO Aqr, the latter the 
exception), the dominant optical variation occurs at the reprocessing period. A natural 
explanation of this effect may be the lack of front-back disk asymmetry in low inclination 
systems (see § 7.6.8.1 ), and hence reprocessing off the disk (where the spin modulated 
flux arises) produces an essentially constant (ie unmodulated) optical flux.
7.8 Summary and Conclusions
Our model for 1H0542-407 can be summarized as follows. The system is a DQ 
Herculis binary, or intermediate polar, consisting of a high mass (~ 1.3M0 ) white dwarf 
with a spin period of 1911 s in a 5.7 h orbital period with a ~0.6 M 0 MO dwarf 
secondary. The system is viewed at low inclination (z £25°), with the result that we 
observe only one accreting pole. An accretion disk is disrupted by the white dwarfs 
magnetic field at a distance of ~2 x 104 km, or -7 white dwarf radii. The gas 
subsequently accretes along the field lines in the manner of an auroral curtain or arc. A 
strong shock is produced just above the surface, with the hot gas (kT -  20 keV) cooling 
via bremsstrahlung emission, producing a luminosity of 5-10 x 1034 ergs s"l. Electron 
scattering within the accretion curtain produces the effect of non-isotropic emission of the 
harder X-rays (2-10 keV), resulting in a fan-beam perpendicular to the curtain. As the 
white dwarf spins, this beam sweeps over the system and a high fraction (>50%) of the 
incident X-rays are reprocessed in the accretion disk, its hot-spot and the inner face of the 
secondary star, into optical radiation. The soft X-ray (0.1-2keV) modulation at the white 
dwarf spin period is explained in terms of varying line of sight photoionization opacity, 
while the harder X-rays (2-10keV) are modulated predominantly at the sideband period v 
-  co (2106 s), due to reflection off the secondary and hot-spot, where the dominant 
optical periodicity arises. The model is capable of explaining the following properties: 1) 
the flux distribution 2) the optical and X-ray periods and their pulse fractions 3) the
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Figure 7.21a
Figure 7.21c
The Roche geometry and schematic diagram of our model (to scale) for 
1H0542-407. Inset (b): expansion of the inner disk, with the magnetic 
field lines intersecting the disruption region on the disk.
Schematic representation of the model derived for 1H0542-407.
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emission line shape, structure and velocity variations. A schematic of the system is 
shown in Figure 7.21.
We conclude that the spin modulated velocities cannot be explained by the 
illumination of a region of the disk (ie the searchlight model). Our explanation of the 
velocities being produced at the disk/magnetosphere interface are supported by 
observationsof other systems.
Furthermore, we show that the magnetospheric gating model, with the requirement 
that no accretion disk is present, is inapplicable for 1H0542-407 unless the magnetic field 
strength is inordinately high (>40 MG). Our model predicts a field strength in the region 
1-10 MG.
We note that recent observations of 1H0542-407 (1988 March) have shown the 
system to be ~ lm brighter than during 1985, and we consequently urge continued 
monitoring of this most interesting system. Also, careful photometric studies in the 
future may yield values for Pspin, and in turn constrain the mass transfer parameter and 
give a more accurate magnetic field value.
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CHAPTER 8
1H0534-581: A New DQ Herculis Magnetic Variable?
8.1 Abstract
We present optical spectroscopic and photometric observations of the HEAO-1 X-ray 
cataclysmic variable 1H0534-581.
Low amplitude radial velocity variations occur at two periods: ~2.1 and ~6.5 hours. 
The FWHM and equivalent widths of the emission lines are also seen to vary sinusoidally 
over the 2.1 hour period. Gaussian fits to the Balmer lines show that they can be 
deconvolved into narrow and broad components; the velocities of these components vary 
in anti-phase over the 2.1 h period. A time series analysis conducted on both UBVRI 
and high-speed photometric observations has revealed a persistent period at ~2707 s plus 
another possible period at 1938 s. No significant optical period is detected at 2.1 h, but 
a 6.5 h modulation is present. A reanalysis of our EXOSAT data has revealed the 
presence of a period at 2.1 h having semiamplitude pulse fractions of ~17 and 36% 
respectively for the 2-6 keV and 0.1-2 keV bands.
Our observations indicate that 1H0534-581 is a DQ Herculis binary (or intermediate 
polar), with a white dwarf spin period of -2.1 hours and an orbital period of 6.5±1 h. It 
therefore has the longest spin period to date of all DQ Her systems. The system is of low 
inclination, <40° and more likely < 26°. The K amplitude of the spin modulated radial 
velocity curve is used to estimate the magnetospheric radius, which leads to a surface 
magnetic field strength for the white dwarf of < 6MG for £ 1M0 , a value consistent 
with the DQ Herculis regime. The emission line wing velocity variations over the spin 
period can be explained by the flow of accreting material within the magnetosphere and'or 
accretion funnel.
8.2 Introduction
The defining characteristic of a DQ Herculis magnetic variable is the asynchronous 
rotation of the accreting white dwarf primary, often manifested as an X-ray and/or optical 
periodicity. Indeed these systems may exhibit several optical periods, which are usually 
successfully interpreted as the orbital-spin sideband periods (eg. Warner 1986). Recent 
observations with EXOSAT have also revealed the presence of multiple X-ray periods 
(eg. Tuohy et al. 1986, McHardy et al. 1987, and Lamb and Mason 1988). These have 
been alternately explained in terms of X-ray reflection (Buckley and Tuohy 1988), a 
secondary source of X-rays at the accretion stream/magnetosphere interface (McHardy et 
al. 1987), and amplitude modulation as a result of accretion 'gating' (Lamb and Mason
8-1
1988).
In many respects the DQ Her variables exhibit properties somewhat intermediate 
between the non-magnetic (or weakly magnetic) majority of cataclysmic variables 
(hereafter CVs), and the strongly magnetic, synchronously rotating AM Herculis 
systems. Indeed some workers believe that an evolutionary sequence exists between the 
DQ Her and AM Her binaries (eg. King, Frank and Ritter 1985, Hameury et al. 1986). 
However, to date there is no observational support for the presence of fields in DQ Her 
systems as strong as those in AM Her systems (ie. B > 20 MG). Opponents of such an 
evolutionary link also point to the evidence for accretion disks in many DQ Her binaries, 
even in some short period systems (eg. EX Hya; Hellier et al. 1987), which constrains the 
field strengths to lower values.
AM Her binaries are generally characterised by a two component X-ray spectrum, a 
hard thermal bremsstrahlung component plus a soft black body component. They have 
often been discovered as a result of their strong soft X-ray flux, which probably arises 
from reprocessing of bremsstrahlung and cyclotron emission at the white dwarf surface 
(see, for example, the reviews of Lamb 1983, 1985, Wickramasinghe 1988). In contrast 
the DQ Her systems are characterized by a single hard X-ray (kT > 10 keV), thermal 
bremsstrahlung spectrum. The likely reason for this is that the accretion occurs over a 
more extended region in a weaker magnetic field, with a consequent decrease in the 
cyclotron and reprocessed black-body components. The DQ Her systems have therefore 
been predominantly discovered by X-ray instruments sensitive to harder X-ray photons 
(>2 keV); for example the Scanning Modulation Collimator and Large Area Sky Survey 
experiments onboard HEAO-1.
In an earlier paper (Tuohy et al. 1986, hereafter Paper I) we identified the hard 
HEAO-1 X-ray source 1H0534-581 with a high excitation cataclysmic variable. We 
reported the results of a time series analysis on both X-ray and optical photometry which 
failed to conclusively detect any persistent strong periodicities. Our conclusions were 
that the system was either a nova-like CV or possibly a DQ Herculis magnetic variable 
with a low X-ray/optical pulse fraction.
In this paper we present time resolved spectroscopic observations of 1H0534-581 
and further optical photometry. In light of the spectroscopic results we have reanalysed 
our EXOSAT data and our entire photometry data set and conclude that the system is a 
new DQ Her binary with an orbital period of -6.5 h and a spin period of -2.1 hours, the 
longest yet found.
8.3 Spectroscopy
8.3.1 Observations
Time-resolved spectroscopy was undertaken for 1H0534-581 on 1985 January 16 
and 17, and November 17 using the RGO spectrograph with the IPCS on the 3.9 m
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Anglo-Australian Telescope (AAT). A log of the observations is presented in Table 8.1. 
The instrumental set up was essentially the same as described for 1H0542-407 in 
Buckley and Tuohy (1988; hereafter Paper II). For the January observations, the 
wavelength coverage was 2.2,3950-5010 with a resolution of -1.3Ä. Due to cloud, only 
-2.5 h of data were obtained on the first night in seeing conditions between 1.5 and 4 
arcsec. On the second night, which was cloudless, we obtained -  7 h of data in poor 
seeing, ranging from -3 arcsec at the start of the night to 8 arcsec by the end. 
Approximately 1 hour of data was obtained on November 17 simultaneously in the two 
spectral regions 2.2.3930-4960 and 2.2.5300-11000. The former was obtained with the 
same RGO/EPCS combination while the latter was obtained using the low resolution 
(-20Ä) red spectrograph (FORS) with a dichroic filter.
For all the IPCS observations, the continuous high-speed mode was employed (Watts 
et al. 1986, Paper II). The original integration time was chosen to be -300s, although 
later the spectra were rebinned to 900 s. Arc spectra were taken approximately every 
half-hour, and the 14 separate arcs were reduced in an identical manner to the star 
spectra. Subsequent cross correlations performed on these spectra showed them to be 
stable to a few km s '1. The spectra for the second night (1985 January 17) were flux 
calibrated.
In Figure 8.1a we show the calibrated grand-sum spectrum (uncorrected for velocity 
variations) obtained on 1985 January 17. It is very similar to our spectrum of 1984 
November (Paper I). The limited observations conducted in 1985 November resulted in 
a single, uncalibrated red spectrum (-2.2.5300 - 11000) which is shown in Figure 8.1b. 
It shows the presence of the Paschen series and Hel lines, and no evidence for secondary 
star absorption features, for example the TiO bands.
8.3.2 Emission Line Profiles and Velocities
We adopted the technique described in Paper II to fit Gaussian profiles to the 
emission lines in 1H0534-581. A satisfactory fit was achieved using two Gaussians for 
each line, of FWHM ~300 km s '1 and 1100 km s*1. We also experimented with fitting 
Lorentzian wings and a Gaussian core to the lines, which gave similar results. The 
Gaussian had a FWHM of -300 km s '1 while the FWHM of the Lorentzian was -1500 
km s '1. In Figure 8.2a and 2b the two Gaussian and Lorentzian-Gaussian fits to Hß in 
the grand sum spectrum of January 17 are compared. The residuals to the fits are slightly 
better for the latter, but show essentially the same shape. There does not, therefore, 
appear to be any great improvement in the fits, particularly for the individual -900 s 
exposure spectra, by employing Lorentzians.
The variations of the velocity, width, equivalent width and amplitude of the narrower 
Gaussian component (300 km s '1 FWHM) for the strong lines Hß and Hy are plotted in
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Figure 8.1a:
Figure 8.1b:
Summed blue spectrum (FPCS) of 1H0534-581 taken on 1985 
January 17 with the A AT. No corrections for radial velocity 
variations have been made.
Red spectrum (FORS) of 1H0534-581 taken on 1985 November 17 
with the AAT. Several atmospheric absorption feature are marked. 
The rise in the continuum towards the red end is due to the 
overlapping second order spectrum.
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Figure 8.2a:
Figure 8.2b:
Observed averaged Hß profile plus two-Gaussian least squares fit to 
profile (solid smooth line), and residuals (dotted line).
Observed averaged Hß profile plus least squares fit of Gaussian core 
and Lorentzian wings (solid smooth line), and residuals (dotted line).
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Figure 8.3. In Table 8.2, the values for the line flux, equivalent width and FWHM are 
given for both the narrow and wide Gaussian components of the Balmer lines, Helk4471 
and HeIIk4686 in the averaged spectrum for 1985 January 17. Most noticeable in Figure
8.3 is a quasi-sinusoidal variation in the emission line parameters at a period of ~ 2 
hours.
To confirm the presence of these variations, we used a cross-correlation technique on 
various combinations of lines. Firstly we 'flattened' the continuum by low frequency 
filtering and applied a high frequency cosine-bell cut-off. We experimented with several 
subsets of spectral data, some with all the Balmer lines present (He, H5, Hy & Hß), and 
the Hel and Hell lines replaced by a pseudo-continuum, others with one or two Balmer 
lines (eg Hy and Hß, H5 and Hy), and one with just the HeII?i4686 line present. The 
results were that in all cases we confirmed the two velocity variations, and in the case of 
the entire Balmer set, reduced the errors considerably (see Figure 8.4a). To facilitate a 
study of the line wings ( §B3.4), we decided to improve the signal to noise of the spectra 
by rebinning the data into 10 approximately equally spaced dme intervals. In Figure 8.5 
we show the 10 rebinned spectra for 1985 January 17. These rebinned spectra were 
re-analysed by profile fitting and cross-correlation. The results were entirely consistent 
with those previously obtained but had the advantage of considerably reduced scatter in 
the weaker lines of Helk4471 and HeIlA.4686. Velocity variations for HeIIk4686, and 
the radial velocity curve solution, which we discuss in § 8-5.3, are shown in Figure 8.4b.
8.3.3 Radial Velocity Curves
A x2 minimization procedure was used to fit one or two sine curves to the various 
sets of velocity data obtained on 1985 January 17. The function fitted was of the form
The values of the parameters of the function are given in Table 8.3, while fits to 
specific sets of lines can be seen in Figures 8.4 (a) to 8.4(d). A value of 2.1± 0.1 h was 
obtained for the shorter period, while the longer period is less well constrained at 6.5 ± 
1.0 h. We note that the K-velocities are generally quite small, although the Helium lines 
have velocities that are consistently larger than the Balmer lines. While the data on the 
night of 1985 January 16 only spanned -2.5 hours, and were interrupted, they do show 
evidence of the 2.1 hour periodicity (Figure 8.4 e).
In the rebinned spectral data (Figure 8.5) , a sharp emission feature, which we 
identify as MgII/14481, is clearly seen in most of the spectra. The line appears to show 
an intensity variation over the 10 bins, being very weak in some while quite intense
v (t) = y + 8.1
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TABLE 8.2
Emission Line Parameters
Line Flux (ergs cm s '1) E.W. (A) FVVHM(kms-l)
He (narrow) 5.59 +  0.73 x 10-14 2.67± 0.35 332 ± 23
He (wide) 1.91 ±0 .08  x 10-13 9.12 ± 0 .36 1018 ± 5 2
H5 (narrow) 1.02 ±  0.06 x 10-13 5.67 ± 0.33 372 ± 16
H5 (wide) 2.56 + 0.11 x IO-*3 14.24 ± 0 .62 1791 ± 8 5
Hy (narrow) 6.78 ±  0.32 x IO-'4 5.74 ± 0.27 333 ± 11
Hy (wide) 2.00 ±0 .05  x IO-’3 16.91 ±0.41 1485 ± 4 2
Hß (narrow) 5.63 ± 0 .18  x IO-14 8.17 ± 0 .26 321 ± 8
Hß (wide) 1.51 ± 0 .03x10-13 21.95 ± 0 .44 1530 ± 35
HelX4471 (narrow) 1.91 ± 0.14 x IO-»4 2.1 ± 0 .2 282 ± 16
HelX4471 (wide) 6.65 ±  0.28 x 10-14 7.3 ±0 .3 1345 ± 5 7
MgIIA4481
»niOv-HXooÖ+1oo 0.54 ±0 .09 182 ± 2 7
Cm-NinX4650 2.76 ± 0.20 x 10-14 3.63 ±  0.26 1035 ± 71
HeII3.4686 7.03 ± 0 .17  x 10-14 9.44 ±0.23 794 ± 19
8-10
Figure 8.3: Variations of the emission line parameters for the narrower Gaussian 
component of Hß and Hy, on 1985 January 17. The sigma points are the small filled 
squares in the lower part of the middle panels.
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Figure 8.4: Radial velocity curve fits:
(a) Two sine fit to cross correlation velocities of the Balmer lines, 1985 January 17
(b) Two sine fit to rebinned Hell velocities, 1985 January 17.
(c) Single sine fit to cross correlation velocities, 1985 January 16.
(d) Two sine fit to core Gaussian component velocities of Hß, 1985 January 17.
(e) Two sine fit to core Gaussian component velocities of Hß, 1985 January 17.
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Figure 8.5: Spectra of 1H0534-581, 1985 January 17, obtained by rebinning all the 
900s exposure into ten roughly equally spaced bins.
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in others. The feature appears to be narrower than the other lines. We note that the 
y-velocity for the HeX4471 line is 30-40 km s'* higher than for the Balmer lines and 
HeIlA4686. A possible reason for this is the presence of the MgllX4481 line in the red 
wing of HeX.4471, causing the centroid of the combined feature to be red-shifted with 
respect to the uncontaminated lines. An asymmetry in HeX4471 has been attributed to the 
MgII^4481 line in the spectrum of SU UMa (Thorstensen, Wade and Oke 1985). It is 
also often present in AM Her (Stockman et al. 1977, Greenstein et al. 1977), while it is 
seen in absorption in the nova-like variable RW Tri (Kaitchuck, Honeycutt and Schlegel 
1983).
8.3.4 Line Wings and the Broad Component
In most cataclysmic variables, the structure of the emission lines is of sufficient 
complexity to warrant a careful analysis of the velocity variations as a function of the 
position in the line where the velocity is determined, or weighted. Gaussian (or even 
Lorentzian) profile fitting is dominated by the lower velocity core, which is likely to 
include contributions from the outer disk, the disk/stream interface (ie the ’hot-spot’ or 
bulge), and other possible areas of enhanced emission in the disk. It is generally agreed 
that choosing a position in the high velocity wings of the profile where the velocity is 
determined results in a radial velocity curve more representative of the white dwarfs 
motion. This high velocity material presumably arises in the inner parts of the disk, 
closer to the white dwarf, and is subsequently free of the contamination of any S-wave or 
similar perturbation (eg. Home et al. 1986).
We have used an algorithm which is in essence the double Gaussian convolution 
scheme used by Schneider and Young (1980), Shafter (1983, 1985), Shafter, Szkody 
and Thorstensen (1986) and Home et al. (1986). The method finds the velocity of the 
line wings and remains insensitive to the core velocity variations. A mask consisting of 
two Gaussian passbands, one in the red wing and one in the blue wing, separated by a 
(A) is stepped through the profile until equal amounts of convolved flux appears in each 
passband. The mid-position of the Gaussian passbands, or ’filters’, defines the line 
center. The width of these ’filters’ is chosen so that enough flux is present for a 
meaningful measurement, while trying to minimize the contribution from the core 
dominated part of the profile.
Since the signal to noise is somewhat diminished in the wings, we found it prudent to 
use this method on the rebinned data (§IIIa). The Balmer lines H8, Hy and Hß were
o  o  o
measured using Gaussian separations from 10A to 50A in steps of 10A (ie. at wing 
positions ranging from -300 km s*1 to 1500 km s_1 from line center for Hß). The radial 
velocities were refitted as in §IIIb, and the variation of the parameters y, K and T were 
investigated as a function of separation, or position in the line wing.
8-18
Figure 8.6: Radial velocity variations of the Hy line, as determined by the Gaussian 
filter method, at four positions in the line wings: 2073, 1382, 691 and 345 km s*1 from 
line center.
8-19
2073 km  s
□ 1382
+ 691
U.T. (Hours)
8-20
The core dominated regions of the line follow the smooth orbital radial velocity 
variation. As we move further into the line wings, the velocities become increasingly 
dominated by the spin modulation. The velocities in general also become somewhat more 
negative (ie y-velocity decreases), and the spin modulated velocity amplitude increases. 
At positions furthest from line center, the definition of where the wings begin and the 
continuum ends becomes a problem, and the velocities are increasingly erratic due to poor 
statistics. In Figure 8.6 we show the radial velocity results for Hy, the highest signal to 
noise line.
8.4 Photometry
8.4.1 Observations
A log of the photometric observations conducted on 1H0534-581 is included in Table 
8.1. Several runs of photometric observations were conducted on 1H0534-581 from 
1984 October to 1986 February. Both UBVRI photometry and high time resolution 
(~200 ms) monitoring were carried out on the SSO 1.0 m and 2.3 m telescopes.
Most of the UBVRI observations, conducted with the two channel chopping 
photometer (TCC) in 1984 October and November, were reported in Paper I. A 
description of the TCC is also given in Paper I. The observations conducted on 1985 
November 11 were arranged to be simultaneous with IUE observations of 1H0534-581, 
which are to be presented elsewhere (Bonnet-Bidaud et al. 1988).
Continuous high time resolution B-band photometric monitoring was carried out 
during two runs in 1985 January and 1986 February. The instrumental set-up was 
identical to that discussed in Paper II for 1H0542-407.
8.4.2 Period Analysis of the Optical Photometry
A time series analysis was undertaken of the UBVRI (TCC) and high speed 
photometric data using a discrete Fourier transform (DFT) method, discussed in Paper II. 
This technique was applied in a consistent manner to both the individual and combined 
runs of photometry. Period searches were conducted in four intervals: 200-1000 s, 
1000-3000 s, 3000-10000 s, and 10000-50000 s. The results of these searches are given 
below, except for the first interval for which no persistent or strong periodicities were 
detected. The periodograms are shown in Figures 8.7, 8.8 and 8.10, together with the 
window functions (lower panels of each figure) which indicate the presence of 
pseudo-periodicities introduced by the unequal sampling of the data, and help to indicate 
the reality of a particular period (eg Deeming 1975).
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8.4.2.1 The 1000s to 3000s interval
For the longest and most complete high speed photometry run (1986 February 12, 14 
and 15), we find the strongest periodicities at 2707s and 2796s (Figure 8.7b), both being 
one day aliases of the other. These periods are also seen in the 1985 January photometry 
(Figure 8.7b) and the combined high speed data sets (Figure 8.7a). Also present in the 
1986 February photometry is a shorter period at 1995s, or possibly its one day aliases at 
1948s, 2040s and 2090s.
We now turn to the UBVRI photometry (TCC data). For the data set consisting of 
the sum of all runs, the strongest periodicities are at 2550s/2625s and 1932s/1980s. The 
period pairs are aliases of each other and have similar power with the most dominant 
depending upon the filter. These periods compare favourably to the previously reported 
periods (Paper I) of 1915 ± 40s, 2550±70s and 2540±50s, derived from an epoch 
folding analysis of three individual nights of data (1984 October 24, November 17 and 
18). A DFT analysis of the longest run of UBVRI photometry (1984 November) 
resulted in the detection of the strongest periods at 2625s, 1938s and 1310s, or one day 
aliases thereof. The first and last of these periods may well be associated (ie the 
fundamental and first harmonic respectively). In Figures 8.8a and 8.8b, the two DFT 
periodograms for the combined UBVRI data and the 1984 November data are presented. 
The common periods for all the UBVRI data sets are therefore 2625s and 1938s, and in 
Figures 8.9a and 8.9b the U, B, V and R light curves derived from folding all the data at 
these two periods are plotted. In Table 8.4 we list the ephemerides and semiamplitude 
pulse fractions of these light curves, the latter of which are constant with color.
We conclude this section by stating that the common periods to all of our optical 
photometry (high speed and UBVRI) are 2707s and possibly -1940-1950s. In Figure 
8.9c the high speed B band light curve derived by folding the entire data set at 2707s is 
shown. Its ephemeris is also included in Table 8.4. Finally we note that the UBVRI data 
folded at 2707s, the alias of 2625s, is virtually identical to the light curve for the latter 
period.
8.4.2.2 The 3000s to 10000s interval
The spectroscopically determined period of 2.1± 0.1 h = 7560 ± 360 s corresponds 
only to minor period peaks in the DFTs of both the high speed and UBVRI photometry, 
and is therefore not considered to be particularly significant when compared to nearby 
period peaks. Before identifying the origin of the -7560s (2.1 h) and the -23400s (6.5 
h) spectroscopic periods as the probable spin and orbital periods, we pursued the 
hypothesis that the spin period is the -1938s period, or an alias, while the 2707s period 
is the orbital sideband period, Ps = (1/Pspjn - 1/Port,)'1 . This argument implies an orbital 
period of -6800s (for 1938s and 2707s spin and sideband periods), or -7400s (for 
-1980s and 2707s spin and sideband periods). We find no evidence for the presence of
8-22
Figure 8.7: Discrete Fourier transform (DFT) periodograms of high speed 
photometry for the search interval 1000s-3000s.Lower panels are the window functions, 
which show spurious periods due to the effects of the the data sampling.
(a) 1985 January 23 and 24.
(b) 1986 February 12, 14 and 15.
(c) the entire high speed set, (a) and (b) combined.
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Figure 8.8: Discrete Fourier transform (DFT) periodograms of UBVRI photometry 
for the search interval 1000s-3000s. Lower panels are the window functions, which 
show spurious periods due to the effects of the data sampling.
(a) 1984 Nov 17 and 18.
(b) For the entire set; 1984 October 24, November 17 and 18, 1985 November 11.
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Figure 8.9: Optical light curves of 1H0534-581 obtained from folding the data as 
follows:
(a) UBVR photometry at 2625s.
(b) UBVR photometry at 1938s.
(c) High speed B-band photometry at 2707s.
1 a  Poisson error bars are shown.
8-27
ujq eseyd j®d (^ot x ) sjunoo
CM
uig eseiid Jed (gOl* ) sjun^o uig esBLjcj jed (so I» x ) s;unoo
o
c\i
«T
o r*. 
q w
Wcasz
Q.
Lf)
d
o
d
TABLE 8.4
Elements of the Optical and X-ray Light Curves
Light Curve Period
(s)
T1 max
(J.D. -2440000)
Pulse Fraction 
(%)
B (high speed) 2705 6089.007 12
23520 6089.093 20
U,B,V & R 2625 5998.159 6
(TCC) 1938 5998.152 8
LE 7560 6023.012 36
ME 7560 6023.012 17
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these periods in any of our optical photometry, and furthermore we find no other 
common or strong periodicities in this period range. Our conclusion is that no strong 
optical modulation is present at the presumed 7560s (2.1 h) spin period.
8.4.2.3 The 10000s to 50000s interval
Finally the interval 10,000 - 50,000 s was searched for evidence of optical periods at 
or near to the spectroscopically identified orbital period of 23,400 ± 3600 s (6.5 ± 1 h).
We find that the strongest period in the combined high speed data set is at 23520s (~6.53 
h), and the corresponding periodogram is shown in Figure 8.10a. This peak is also 
present in the 1986 February photometry, although the strongest period in this data set 
occurs at 11,864 s, close to the first harmonic of 23,500 s. These two periods, and their 
aliases, account for virtually all of the period peaks seen in the DFT (Figure 8.10b). The 
23,520s period is close to the maximum of the very broad period peak observed in the 
DFT of the 1985 January data (Figure 8.10c).
Turning now to the UBVRI photometry, we show in Figure 8.10d the DFT 
periodogram for the entire data set. The strongest period occurs at ~20,090s (~5.6 h), 
which is also seen as a minor period peak in the high speed DFT.
We can therefore identify two optical periods: 20,090s and 23,520s, which are within 
the uncertainties for the longer, probable orbital, spectroscopic period (6.5 ± 1 h). The 
possible presence of the first harmonic of the 23,520s period (at 11,760s), could be 
considered evidence that this period is seen in the photometry. The absence of this period 
in the UBVRI data may well be a consequence of the unequal phase coverage of these 
data over the 23,520s cycle, plus the fact that the UBVRI data length is generally shorter 
than for the high speed photometry, with an average of only ~3.5 h coverage.
In Figure 8.11 we present the light curve which results from folding all of the high 
speed photometry at 23,520s. The quasi-sinusoidal variation has a semiamplitude pulse 
fraction of ~20%. The ephemeris for this variation is included in Table 8.4.
8.4.3 X-ray Period Analysis
The EXOSAT medium energy (ME: 2 - 6  keV) and lower energy (LE: 0 .1 -2  keV) 
data reported in Paper I were reanalysed in the same manner as the optical data using the 
DFT code. Only for the search interval 3000s to 10000s was a common period of some 
significance found in both the LE and ME. Periods at ~7330s and 7560s are present for 
the LE and ME respectively (Figures 8.12a and 8.12b). These periods are consistent 
with the spectroscopically determined spin period of 7560 ± 360 s (2.1 ± 0.1 h).
Our DFT analysis confirms the presence of the previously reported periods in the ME 
data (Paper I), derived using the epoch folding method. For the LE data, we find 
agreement with two previously reported periods (Paper I); the strongest is at ~7500s and
8-30
Figure 8.10: Discrete Fourier transform periodograms in the search interval 10,000s 
to 50,000s. Lower panels are the window functions, which show the effects of the data 
sampling. Prominent periods are marked.
(a) 1985 January 23 and 24 high speed B-band photometry.
(b) 1985 February 12, 14 and 15 high speed B-band photometry.
(c) The entire high speed B-band photometry, (a) and (b) combined.
(d) 1984 October 24, November 17 and 18 and 1985 November 11 UBVRI 
photometry.
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Figure 8.11: B light curve from the high speed data set derived from folding all the 
data at 23,520s (6.5 h).
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Figure 8.12: Discrete Fourier transform periodograms for the EXOSAT light curves. 
The spectroscopically determined spin period of 2.1 h (7560 s) is marked.
(a) ME: 2-6 keV.
(b) LEI: 0.1-2 keV '
8-35
In
do
w
 
P
ow
er
 
P
ow
er
 
W
in
do
w
 
P
ow
er
 
Po
w
ei
P eriodogram  ME
0.10  -
Period (seconds) *10( 4)
Periodogram  LE
0.15 -
Period (seconds) *10(
8-36
Figure 8.13: EXOSAT light curves derived from folding both data sets at 7560s (2.1 h).
(a) ME: 2-6 keV.
(b) LEI: 0.1-2 keV
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the other at 5660s. We therefore conclude that the spin period of the white dwarf is 
detected in both the low and medium energy X-rays, and in Figures 8.13a and 8.13b, we 
show the two X-ray light curves obtained from folding the relevant data at 7560s (2.1 h). 
The ephemerides are given in Table 8.4. As in other DQ Herculis systems, we note that 
the pulse fraction increases for lower energies, being ~17% for the 2 - 6 keV light curve 
and-36% for 0.1-2keV .
8.5 Orbital Parameters
As we have mentioned earlier, the B aimer line K velocities may suffer from 
perturbations arising from the hot-spot, disk non-uniformities, etc. If we accept that the 
Hell velocity arises from the inner disk regions, or at least that this region dominates the 
emission, then it is safer to use the Hen K velocity to derive the mass function. We 
have therefore adopted the Hell value of 55 ± 4 km s '1 and an orbital period of 6.5 ±1.0 
h. Furthermore, we invoke the empirical Mass-Period relation of Patterson (1984) to 
derive a likely secondary mass of 0.6 MQ. The secondary mass function is hence
f(M2)
2n G
(M2 sin i)3 
(M j + m /
4.6 ± 1.2 x 10'3 M 0 8.2
The upper limit on of -1.4M 0 implies an upper limit on the orbital inclination of 
-26°. In Table 8.5 we list the mass ratio (q), stars' separation (a), inclination (i) and 
several other parameters, which will be discussed in later sections, for a range of white 
dwarf mass 0.6 to 1.4 M0 . In Figure 8.14 we show the diagnostic mass-mass diagram 
which shows the combination of allowed masses of the component stars as a function of 
the orbital inclination. The uncertainties in both the period (- 1 h) and K-velocity (-5 km 
s '1) affect the placement of the constant inclination contours, and in Figure 8.15 we show 
the 20° inclination contour derived for the above value of f(M^, and its upper and lower 
limits.
While it seems certain that the orbital period must be the longer of the spectroscopic 
periods (ie 6.5 h), we have for completeness investigated the possibility that the orbital 
period is actually the shorter 2.1 h period. If this is the case, then the mass function for 
such a low K-velocity (-20 km s"*) is very small at -7  x 10"5 M Q. Furthermore, if we 
accept the empirical mass-period relationships (eg. Faulkner 1971, Patterson 1984), then 
the secondary has a low mass of -0.2Mo and implies that the inclination for the system is 
low, < 16°. If this latter scenario is indeed correct, then the longer spectroscopic period 
of 6.5 h has to be explained. This period could be the spin period, in which case the 
white dwarf rotates slower than synchronism. However, no other X-ray periods have
8-39
TABLE 8.5
1H0534-581 Binary Model Parameters
Mi  V  
(M0 ) (km) (°)
q a
(km)
rc
(km)
rc
( R i)
rJ
(km)
433
(G cm3)
B
(MG)
1.4 1500 26 0.43 1.55xl06 4.1 xlO4 27 2.6 x 105 0.29 85
1.2 3850 24 0.50 1.49xl06 4.4 xlO4 11 2.4 x10s 0.36 6.3
1.0 5500 22 0.60 1.44xl06 4.8 xlO4 9 2.2 xlO5 0.44 2.6
0.8 6300 20 0.75 1.37X106 5.2 xlO4 8 1.9 x10s 0.59 2.4
0.6 9600 18 1.00 1.30xl06 5.8 xlO4 6 1.7 x10s 0.90 1.0
* derived from Nauenberg's (1972) mass-radius relation.
Figure 8.14: Diagnostic mass-mass diagram for 1H0534-581 assuming an orbital
period of 6.5 h and K-velocity of 55 km s"l. The dotted line shows the 
mass estimate of the secondary star based on Patterson’s (1984) empirical 
relation. The solid curves are inclination contours.
Figure 8.15: Similar diagram to FigA14, showing the effects of uncertainties in orbital 
period and K-velocity on the position of the i = 20° contour.
8-40
Se
co
nd
ar
y 
St
ar
 M
as
s
White Dwarf Mass
i = 20*
White Dwarf Mass
8-41
been detected, including near 6.5 h. It is therefore hard to see how an X-ray periodicity 
could be detected at the orbital period (2.1 h), but not at a period identifiable with the spin 
period. We conclude that the evidence points to a conventional identification of the 
shorter spectroscopic period (2.1 h) with the spin period of the white dwarf. This is 
supported by the observed X-ray variation at this period.
8.6 Spin Variation of the Emission Lines
After establishing the likely spin period of the white dwarf as ~2.1h, we binned the 
entire spectral data for 1985 January 17 into eight equally spaced phase bins over the 2.1 
h period. Each spectrum was corrected for the orbital motion using the radial velocity 
curve for HeII?i4686, considered to best represent the white dwarf motion (§ V). Line 
profiles were re-determined by the double-Gaussian fitting routine, and the parameter 
variations for the Hy and Hß lines are shown in Figures 8.16a and 8.16b. The 
quasi-sinusoidal variation in all the line parameters over the spin period can be clearly 
seen. This behaviour is reminiscent of 1H0542-407 (Paper II); in particular we note that 
both the radial velocity and the line width vary in phase. Variations of this nature are also 
observed in the AM Her systems. Stockman et al. 1983 and Schmidt et al. 1983 found in 
the case of CW1103+254, that the line FVVHMs and velocities vary in unison over the 
rotation (=orbital) period. These authors have interpreted this behaviour as being due to 
the rotation of an accretion funnel. They explain the observed phase lag between the 
velocity and FWHM curves as due to curvature in the accretion stream.
Velocity variations at the spin period of the white dwarf primary are becoming a 
commonly observed characteristic of the longer orbital period DQ Her systems. Such 
variations were reported by Penning (1985) in the four systems V1223 Sgr, AO Psc, FO 
Aqr and BG CMi. Modulation of the emission line parameters at the white dwarf spin 
period have been seen in other DQ Her systems before; for instance, Shafter and Targon 
(1982) report spin modulated line and continuum fluxes in FO Aqr.
We note in Figures 8.16a and 8.16b that the velocities of the narrow and broad 
Gaussian components of the two Balmer lines seem to be -180° out of phase, as well as 
having significantly different y-velocities. To investigate this further, we utilized the 
Gaussian filter method (§ III c) to measure the wing velocities and to see if there was a 
gradual or abrupt change in the radial velocity parameters as we moved from the narrow 
core of the line into the broad wings. The passband, or filter, separations were the same 
as used as in §11 d, while the sigmas of the Gaussians were 2.5Ä, 5A, 1.5A  and 10A for 
separations of 10Ä, 20Ä, 30Ä and > 40Ä. The filters and their positions near line center 
are shown in Figure 8.17, together with the mean Hß profile and a simulated profile 
which is discussed in the next section (§VHI d).
In Figures 8.18 a and 8.18b, the radial velocity curves derived at the various 
positions in the line profile are presented. It is clear that as we move from the core
8-42
Figure 8.16: Velocity (km s 'l) , equivalent width (Ä) and sigma (Ä) variations of the 
narrow (■) and wide (a) Gaussian components for the lines Hß (a) and 
Hy(b) on 1985 January 17.
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Figure 8.17: Top: The mean observed Hß profile (jagged line), together with the 
simulated profile, discussed in the text.
Bottom: The Gaussian passbands used in the Gaussian filter method 
(see text), used to determine velocities in the line wings. The separations 
are 50,40,30,20 and 10Ä, while the corresponding sigmas for the filter 
pairs are 10, 10, 7.5, 5 and 2.5Ä.
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dominated region into the wings, the radial velocity parameters y, K and T0 vary 
monotonically as a function of position from line center, as can be seen in Figure 8.19. 
This behaviour and possible explanations are discussed in the next section.
8.7 Origin of the Spin Modulation
In this section we attempt to explain the observed spin modulation of the velocities in 
terms of two possible models: a) the illuminated accretion disk spot model of Penning 
(1985) and b) the magnetospheric disruption model which we developed for 1H0542-407 
in Paper H. We then address the behaviour of the core and wing radial velocity curves.
8.7.1 Illuminated Spot Model
Penning (1985) has attempted to explain the spin velocity 'excursions' as arising 
from a spot on the accretion disk illuminated by a beam of X-rays from the white dwarf. 
At any one time the reprocessed optical emission from this spot enhances the specific 
intensity of the accretion disk over a velocity space representative of the mean projected 
Keplerian velocity of the spot. As the white dwarf rotates, the spot moves in azimuth, 
illuminating different regions of the disk. At a particular rotation phase, the velocity of 
this spot is simply the mean Keplerian velocity of the material moving through it. The 
distance of the illuminated spot from the primary is given approximately as
for 1H0542-407, that the Penning model requires the illuminated spot to be at a distance 
greater than the stars' separation. Even increasing the spot's size does not help a great 
deal in decreasing this distance. The increased azimuthal extent, which might help lower 
the mean velocity of spot material, is offset by the inclusion of faster moving, brighter 
material from closer in to the white dwarf. *
8.7.2 Magnetospheric Disruption
We have shown in Paper II that in the case of 1H0542-407, and probably also for 
V 1223 Sgr and BG CMi, that an alternative explanation for the spin velocity modulation, 
which we proposed in that paper, is the co-rotation of accreting gas trapped in the white 
dwarfs magnetosphere. At some distance from the white dwarf the magnetic pressures 
overwhelm the Keplerian motion of the disk material, forcing it to slow down and
Rspot
8.3
Again we find as
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Figure 8.18: Variations in the radial velocity curves for Hy and Hß, derived from the 
Gaussian filter method (see text), as a function of the passband 
separation, a.
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Figure 8.19: The dependence of the radial velocity curve parameters (K and y 
velocities, and phase) as a function of position from line center where 
the velocity is determined. The radial velocities were determined using 
the Gaussian filter technique (see text).
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co-rotate with the white dwarf/magnetosphere. This distance is approximated by the 
magnetospheric radius.
The disruption of the accretion disk will not be a sudden transition at the minimum 
disk radius, Rjn; rather it will occur over a region of the disk Ar, where Ar -  Rin / 3 -  
VB / B (eg. Rosen, Mason and Cordova 1988), due to the r 3 nature of the magnetic 
dipole forces. Magnetic field lines intersecting the disk in this region will slow down the 
rotating material and feed it along the field lines to the polar regions. For a tilted dipole 
model, the area of the white dwarf surface that contains the foot-prints of these field lines 
is a thin arc-shaped region of approximately constant magnetic latitude. Such regions of 
extended longitude, but having low fractional area/, are able to explain the morphology 
and energy dependence of the X-ray light curves in DQ Her systems (Rosen, Mason and 
Cordova 1988, Paper II).
In the case of the magnetospheric disruption model, the distance of the co-rotating 
material responsible for the spin modulated emission is given as
K .P  .
R ~ 2 spm 8.4
c 2jc sin/
and these distances are also given in Table 8.5. We note that the addition of an emission 
component whose velocity is constant over the spin period, for example the disk, will 
tend to decrease the observed K2 velocity amplitude, resulting in a systematically smaller 
Rc. However our profile simulations (§VH d) indicate that at worst this would result in 
an underestimate by a factor of -2 . The overall result is that if the spin modulated 
velocity variations arise in a region co-rotating with the magnetosphere, then its distance 
from the white dwarf is between -4  and 7 x 104 km, or -3 0  to -10  white dwarf radii, 
with an error of -50%, for the limits 1.4 and 0.4 M 0 .
8.7.3 Accretion within the Magnetosphere
Since the likely mechanism for a spin induced velocity variation is co-rotation with 
the white dwarf, or rather it's magnetosphere, then it is reasonable to invoke a rotating 
accretion funnel / stream as in the AM Her systems. One of the best studied DQ Her 
systems in which the spin modulation of the emission lines has been addressed is EX 
Hya (Kaitchuck et al. 1987, Hellier et al. 1988). The former authors have developed a 
model to explain the line strength and width variations at the spin period in which wide 
accretion funnels over both magnetic poles are important sources of line emission. If the 
line emission is optically thick, then a peak in line intensity occurs when the line of sight 
is closest to the magnetic axis, when the funnel presents its greatest projected area. The 
line width is also at a maximum in this situation, since we observe material streaming in 
two opposing directions, onto both magnetic poles. Kaitchuck et a l.’s (1987) model
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predicts that a spin modulated radial velocity will result from the rotation of the accretion 
funnels. Furthermore, the model predicts that the velocity and line width will be 90° out 
of phase, since the projection along the line of sight of the velocity vectors of the rotating 
funnels will be near zero when the funnel axes are closest to the line of sight, at line 
width maximum. To date there is no reported velocity variation for EX Hya at the 67 m 
spin period (Kaitchuck et al. 1987), although Hellier et al. (1988) do report a spin 
variation in the ratio of the red peak to blue peak intensities of the double peaked profiles.
As there is a symmetric accretion disk in the DQ Her systems, we expect accretion 
onto both magnetic poles, or rather the associated extended 'auroral' zones (eg. Hellier et 
al. 1987, Paper II). The low inclination of 1H0534-581 implies that one of the poles (ie. 
the pole above the disk plane) dominates the observed variations. We can then interpret 
the ~180° phase lag in velocity between the narrower and broader components of the 
lines as due to the rotation of both accretion funnels. The broader component may be 
associated with the funnel which we see more clearly above the disk plane, while the 
narrower and weaker component is associated with the column below the disk plane, 
which is partly obscured by the accretion disk and the body of the white dwarf. As the 
white dwarf rotates, the funnels precess around the spin axis, resulting in velocity 
variations. However, the variations of the line equivalent widths and sigmas, in phase 
with the rotation velocity, is difficult to explain in this model (eg see Paper II). An 
alternative could be that the velocity variations arise from the changing magnitude of the 
projected infall velocity of material in the funnel.
We now return to the results of the wing velocities discussed in §m d. The smooth 
variation of the radial velocity curve parameters as we move further into the line wings 
suggests the following alternative explanation of the velocity variations. If we adopt the 
magnetospheric disruption of the inner disk regions, then at approximately the inner disk 
radius (which for the moment we assume is ~10R1 for a 1M0 white dwarf), the material 
is suddenly slowed from quasi-Keplerian rotation, at a velocity of ~1500 km s*1, to the 
co-rotation velocity of the magnetosphere, at ~50 km s_1. An oblique shock is produced 
in which the accreting gas may become highly ionized, similar to the shock proposed by 
Hameury et al. 1986 for diskless accretion directly onto a magnetosphere. The immediate 
post-shock gas would be highly turbulent and result in a local emission line profile with a 
considerable FWHM of the order 103 km s_1. The post-shock gas will recombine giving 
rise to emission lines of hydrogen and helium, with possibly strong Helß.4686. The 
strong fluid shear at the disruption boundary will result in Kelvin-Helmholtz instabilities 
(Hameury et al. 1986) and the material will subsequently accrete onto the white dwarf 
along the magnetic field lines. Contrary to the AM Her systems, where the gas is 
threaded by the field lines at larger distances, the threading region in DQ Her binaries is 
much closer to the white dwarf. In the former, the gas accretes at ^free-fall velocities 
(eg. Wickramasinghe 1988), while for the DQ Her systems, the threaded material 
accretes magnetohydrodynamically along the field lines at velocities considerably less 
than free-fall. Hence we do not see the large infall velocities in the emission lines at 103
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to 104 km s '1, which are commonly observed in the AM Her binaries. Also, at a distance 
of a few white dwarf radii, the gas becomes completely ionized, and we therefore do not 
see lines from this region at all.
The velocity of the partially ionized post shock gas is dominated by the random 
turbulent velocities. However, the rotation of the magnetosphere will introduce a 
periodic velocity shift. As the gas moves radially inwards, the velocities become more 
ordered, with a decreased turbulent and corotation velocity, and an increased infall 
velocity.
If this picture is indeed correct, then some observational predictions can be made. 
Firstly, far out in the line wings, the emission line profile is dominated by the motion of 
the immediate post-shock material. Hence this material will have the largest co-rotation 
velocity, and hence Kspjn. As we probe the profile in towards the core, the dominating 
source is somewhat closer to the white dwarf, and therefore has a smaller Kspin. Also, 
the gas is beginning to move radially inwards along the field lines, and hence the velocity 
vector of this gas is the sum of the co-rotation and infall velocity vectors. The increasing 
dominance of the infall velocity over the co-rotation velocity as the gas moves in leads to 
an expected gradual variation of the zero phase point of the radial velocity curves as we 
progress from the outer wings towards the core. Furthermore, the increase in the infall 
velocity experienced by the gas implies that the y-velocity should also increase as we 
move in towards the core.
8.7.4 Model Simulations
All of the above predictions are in fact borne out by our observations, as seen in 
Figures 8.18 and 8.19. The question remains, however, whether or not the observed 
variations are uniquely predicted by the above model. In an effort to address this, we 
have carried out an exercise based on line profile simulations. We assumed a null 
hypothesis that the spin modulated emission line profile was the sum of two Gaussian 
profiles, of varying amplitude and width, with their own radial velocity parameters y and 
K (the period was assumed constant at Pspin = 2.1 h). The sigmas of the Gaussians
o
were ~2 and 10 A respectively, the same as derived from the two-Gaussian profile fits to 
our data. An additional fixed Lorentzian profile of FWHM -  12Ä was added to account 
for the presence of an accretion disk. The simulated lines were calculated for the same 
eight phase bins as our observational data, and were measured using the Gaussian filter 
method in exactly the same manner as our observations. By varying the amplitudes of 
the component profiles, plus y  and K - velocities, we were able to reproduce velocity 
variations of similar behaviour to our observations. Our choice of amplitudes was 
constrained such that the sum of the three component profiles (two Gaussians, one 
Lorentzian) approximated the observed profile. The simulated profile is included in 
Figure 8.17 with the observed mean Hß line. As the amplitude of the constant disk 
component was increased relative to the two co-moving Gaussians, their K- velocities
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had to be increased so that the amplitudes of the radial velocity curves mimicked those of 
the real data. The y - velocities for the narrow and broad components also had to become 
more red and blue shifted respectively, for the same reason. While we could simulate the 
same K and y-  velocity behaviour as observed in Figure 8.18, the zero phase variation of 
the simulations never showed the gradual change seen in our data. There was always a 
more sudden jump in phase for the simulations from the core measurement at ~300 km 
S'1 from line center to the start of the wings at ~600 km s*1 from line center. While the 
scatter in the data becomes significant further out in the wings (from about 1200 km s’1), 
the gradual shift in zero phase is even more compelling when we consider both the Hß 
and Hy data together, as in Figure 8.19c. The radial velocity curve simulations are 
shown in Figure 8.20.
Our conclusion is that while the two component Gaussian model for the spin 
modulation of the emission lines can explain the gross features of the radial velocity curve 
variations, it cannot do so uniquely. It is equally possible that the profile consists of 
many Gaussians, or pseudo-Gaussians, all with smoothly varying K and y - velocities, 
as would be expected in the flow model discussed above.
8.8 Discussion
8.8.1 A Diskless System ?
Wickramasinghe et al. (1981) argue that the non-detection of a spin modulated line 
intensity implies that the accretion column/funnel contributes < 15% of the total emission 
line intensity. The remainder is contributed by the accretion disk. Conversely, we argue 
that for such a clear spin modulation of all the emission line parameters (velocity, width 
and intensity; see Figures 8.3 and 8.16) to be seen requires that the region responsible 
for this component of the emission, which we identify as the magnetosphere, must 
contibute at least 15% and probably more of the line flux.
We now ask whether an accretion disk need be present at all in 1H0534-581? We 
invoke the models of King et al. (1985) and Hameury et al. (1986), who consider that 
accretion occurs directly from the secondary star onto the magnetosphere, without the 
formation of an accretion disk. They maintain that the magnetosphere is large enough to 
prevent disk formation, or to disrupt an existing disk. This model has been used by 
McHardy et al. (1987) in the case of the DQ Her system BG CMi (3A0729+103). They 
are able to explain the observed orbital modulation of the X-rays by invoking X-ray 
emission produced in the shock at the magnetosphere/accretion stream interface.
Lamb and Melia (1987) have shown that for an accretion disk to be present in a DQ 
Her binary, the radius of the magnetosphere cannot exceed a certain limit. They define 
this limit to be the radius of the circularized accretion stream, or ring, defined as comax ~ 
0.09 - 0.16 R-l ! (Lubow and Shu 1975). Alternatively, Shafter (1983) derives the 
following expression for the radius of an inviscid disk, under the assumption that the
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Figure 8.20: Variations in the radial velocity curves, derived from the Gaussian filter 
method, as a function of the passband separation, a, for the two 
component model simulation (see text).
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angular momentum of the transferred material is conserved:
t} = a (1 + q) [0.5 - 0.227 log q]4 8.5
The magnetospheric radius for disk accretion is given by King,Frank and Ritter (1985) as
-  _ i n 10 4/7 ^-2/7 -1/7 . n ,r = 2.7x10 ji,.. n i£ M, 0 cm 8.6
j j  1 0  1
where p.33 is the magnetic moment in units of IO33 G cm3, is the white dwarf mass in 
Solar masses, and h ^  is the mass transfer rate in 1016 gm s '1. The parameter (j> depends 
upon the accretion geometry, ~0.37 for diskless accretion (eg. as in an AM Her). An 
estimate for fi 16 is obtained using Figure 3 of Lamb and Melia (1987), which is based on 
the magnetic braking theory of Rappaport et al (1983). We obtain mass transfer rates of
4.5+1156, 7 .2+238 and l l +410 x 1016 gms*1 for white dwarf masses of 1.4, 1.0 and 0.8 M0 .
All of these values are smaller than those obtained with either of Patterson's (1984) 
relations (empirical or theoretical), or Verbunt and Zwaan's (1981), and we therefore 
consider the above estimates to be conservative.
By equating the two radii rj and r^, we are able to derive a lower limit to the magnetic 
moment, (I33, of between ~13 and 10 for masses 1.4 to 0.6 M Q. The implied surface 
field strengths are >40 MG for masses >0.8Mo , dropping to ~11MG for Mi = 0.6Mo . 
Even if we take the conservative option of using comax in the place of rj, we still arrive at 
a rather high value for jj.33 of 2-3. This in turn implies surface fields of >10MG for M^ 
> 1Mq . All of these field strengths are larger than the estimates determined by Lamb and 
Patterson (1985) for other DQ Her binaries, based on spin period changes. Thus we find 
that the criterion for the absence of a disk requires magnetic field values more in the 
regime of the AM Her binaries than of the DQ Her systems. We therefore consider that 
the absence of a disk in such a long period systems to be unlikely, which is consistent 
with the lack of observational evidence to the contrary. This conclusion coincides with 
the view of Lamb and Melia (1987) who maintain that the magnetic moments of the DQ 
Her systems are a 1-2 orders of magnitude less than for AM Her stars.
8.8.2 Estimate of Field Strength and Disk Size
If we accept that the magnetospheric radius is approximately equal to the radius of the 
emission region responsible for the spin modulated velocities (Rc; §VIIIb), then we can 
estimate p.33 and hence B following the same procedure above. We substitute a new 
value for <}> of 0.5 in Equation 6 for accretion via an accretion disk (King 1985). The 
range of Rc of 4 - 6 x 104 km (see Table 8.5), leads to values for jj.33 ranging from ~0.3 
to 0.6 for masses 1.4 - 0.6 M 0 . The corresponding field strengths are ~6MG for 1.2 
M g , or ~3MG for a 1.0Mo white dwarf. These are certainly in the regime expected for 
the DQ Her binaries (Lamb and Melia 1987).
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Given that the magnetospheric radius, , is approximately equal to the inner disk 
radius leads to a value for the latter of -9 R} for a 1MQ primary. If the outer radius of 
the disk is the maximum 90% of the mean Roche lobe, then the ratio of Rout / Rjn is -  11, 
within the uncertainties derived by Bonnet-Bidaud et al. (1988) from their disk model 
based on IUE observations.
8.8.3 The Short Persistent Optical Periods
Since we have identified both spectroscopic periods with the spin and orbital 
velocities, we now discuss a possible origin of the apparently persistent short period(s) in 
the optical photometry, discussed in § IV, namely the 2707s and possibly 1938s periods.
We ask the question that if these shorter periods (compared to the spin period of -7560 s) 
are produced by a feature freely moving in the accretion disk, at what radius would this 
feature be ? Assuming near Keplerian rotation, we have
3 P2 G M  8.7
r -  ----------
A 2 4n
For a 1M0 primary, the 'Keplerian radius' corresponding to a period of 2707 s is 
-50Ri, and -42Rj for a period of 1938 s. These values are larger than the disruption 
radius defined in § VII b, which is approximately equal to the inner disk radius; thus a 
Keplerian origin is plausible.
The absence of a detectable velocity modulation at these shorter periods argues for the 
feature to be dominated by continuum emission. This could arise from optically thick 
blobs of material rotating in the disk at their Keplerian velocities. It is possible that these 
blobs are positioned near the disk's outer radius, although if we accept that the maximum 
outer disk radius is -90% of the mean Roche lobe (eg. Shafter, Szkody and Thorstensen 
1986), then it is more likely that such blobs are more centrally located. The observed 
coherency of the short period, not really expected in a model involving short lived blobs, 
could be a consequence of the length of a single data sample (-5 h), which is only -6-7 
times the period. In other words, the blobs survive this number of rotations before they 
disappear, resulting in the apparent phase coherency.
8.8.4 Fx / Fopt: Comparison to Other X-ray Systems
We now compare the gross optical and X-ray properties of 1H0534-581 with other 
known hard X-ray emitting cataclysmic variables. The majority of these CVs are 
non-magnetic systems, where the X-rays are produced in a boundary layer between the 
accretion disk and the surface of the white dwarf (Shakura and Sunyaev 1973, 
Lynden-Bell and Pringle 1974). Patterson and Raymond (1985) have investigated the
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correlation between X-ray and optical parameters based upon the Einstein Observatory 
EPC observations of CVs (see Cordova and Mason 1983, 1984). In order to compare the 
properties of 1H0534-581 to other objects studied by Patterson and Raymond, we have 
converted the EXOSAT 2-10 keV flux of 2.9 x 10*11 ergs cm*2 s*l (Paper I) to the 
Einstein EPC band 0.2 - 4 keV. This was achieved assuming an exponential spectrum 
with Gaunt factor. The resultant flux is f(0.2-4 keV) = 2.0±0.2 x 10*11 ergs cm*2 s*1 for 
all allowed values of Njj < 5 x IO20 H cm*2. We have estimated the optical flux, Fv 
(ÄA5000-6000), from our average flux-calibrated spectrum of 1985 January 18 to be 4.0 
± 0.2 x 10*12 ergs cm*2 s*1 . The ratio of Fx/Fv is therefore 5 ± 1, comparable to the 
highest amongst Patterson and Raymond's sample (similar to EX Hya). The other 
optical parameter which they employ is the Hß equivalent width (E.W.). Our results 
from the same spectrum (§n b and Table 8.2) indicate a total mean Hß E.W. of 30.1±0.3 
Ä. This quantity is shown to correlate well with Fx/Fv by Patterson and Raymond; 
however for 1H0534-581, Fx/Fv is too high for the observed E.W., although within the 
bounds of the scatter. It should be noted that uncertainties in Fx/Fv arise from the 
non-simultaneity of the X-ray and spectroscopic observations.
8.8.5 Balmer Decrement
We note that the hydrogen line ratios for 1H0534-581 are extreme compared to most 
cataclysmic variables (Echevarria 1988). The Hy / Hß and H5 / Hß ratios are 1.29 and 
1.73 respectively for our average spectrum of 1985 January 17 (Table 8.2). This 
compares with the ratios 1.41 and 1.65 quoted in Paper I for the spectrum taken on 1984 
February 8. Such large ratios are indicative of high disk temperatures, in excess of 105K 
(Drake and Ulrich 1980). Recent interpretation of IUE spectra of 1H0534-581 
(Bonnet-Bidaud et al. 1988) has confirmed a central disk temperature of ~105K.
8.8.6 The DQ Her Period Distribution
Our final comment concerns the correlation between white dwarf spin period and 
orbital period in the long period (Porb > 3h) DQ Her systems. We have neglected the two 
fast rotators DQ Her and AE Aqr (Pspin = 71s and 33s respectively), because their spin 
down rates imply much weaker field strengths than the others (Lamb and Patterson 
1985). Also not included is the long orbital period system GK Per, which is unusual in 
that it probably contains an evolved secondary. In Figure 8.21 we show a log-log plot of 
the periods of these systems, including 1H0534-581, which has both the longest spin 
and orbital period of the sub-group. It is also closest to the synchronism line Pspin = 
Porb. As Barrett, O'Donoghue and Warner (1988) have pointed out, the trend of 
increasing Pspjn with Porb is contrary to the predictions of Chanmugan and Ray (1984), 
Hameury et al. (1985) and King et al. (1985), who consider that the magnetic moments, 
H, of DQ Her and AM Her systems are similar, and conserved during their evolution. In
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their scheme a DQ Her system, evolving to a shorter orbital period through loss of 
angular momentum, would move along contours of constant |i in a direction generally to 
the upper left of Figure 8.21, increasing its spin period as the orbital period decreases. 
Although only dealing with a relatively small sample (9), with 1H0534-581 we confirm 
the trend of increasing spin period with orbital period.
8.9 Summary
We have identified two spectroscopic periods in 1H0534-581 at 2.1 h and 6.5 h, 
which we interpret as the white dwarf spin and orbital periods respectively. A 
re-analysis of the EXOSAT light curves has resulted in the detection of the 2.1 h spin 
period which exhibits the expected increased pulse fraction towards lower energies. 
These characteristics plus those discussed in Paper I, namely the strength of the Hell 
emission and the hardness of the X-ray spectrum, provide convincing evidence that 
1H0534-581 is a DQ Herculis magnetic variable. As such it has the longest spin period 
of any of the currently identified systems. The small mass function of the binary (~5 x 
10‘3) implies that the inclination is £26° for a secondary star obeying the empirical 
mass-period relation. The inclination could be higher if the secondary mass is lower and 
the orbital period and K velocity higher, but it must still be less than ~40°. The 
behaviour of the radial velocities, modulated at the spin period, can be explained as the 
superposition of two components produced in the rotating accretion funnels, or 
alternatively, as a combination of many components arising from the accretion flow 
within the magnetosphere. We have argued that the system is unlikely to be disk-less, 
since this would require an unacceptably high magnetic field. The only persistent 
photometric periods are the 6.5 h orbital period and two puzzling short periods at -  1938s 
and 2707s. The latter period appears to be present in all the optical photometry. An ad 
hoc attempt has been made to explain these periods as arising from quasi-coherent 'blobs' 
of optically thick material orbiting within the accretion disk at the Keplerian velocity. 
However their origin is far from certain. The lack of detection of either the spin or orbital 
sideband periods may be a result of the low system inclination coupled with a small 
dipole tilt.
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Figure 8.21: The orbital and spin period distribution (in units of hours and seconds
respectively) for the long period DQ Her systems, omitting DQ Her, AE 
Aqr and GK Per. The systems shown are (in order of increasing orbital 
period): BG CMi, V1223 Sgr, AO Psc, FO Aqr, TV Col, 1H0542-407, 
V426 Oph, E1013-477 and 1H0534-581. Abbreviations of the 
individual names are shown. The sloping line at the top of the diagram 
is the synchronism line Pspjn = Porb.
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CHAPTER 9
Discovery of a Bright Eclipsing Cataclysmic Variable: 
An Optical Counterpart of a Transient X-ray Source
9.1 Introduction
Eclipsing cataclysmic variables (CVs) can in principle provide a knowledge of the 
structure and size of the accretion disk (eg. Sulkanen, Brasure and Patterson 1981, 
Home 1985). Often the photometric light curves can be deconvolved into the eclipses of 
the individual components: the white dwarf, accretion disk and hot-spot (Warner and 
Cropper 1983, Penning et al. 1984, and Wood, Irwin and Pringle 1985). This may then 
lead to estimates of the sizes of the various eclipse components (Cook and Warner 1984). 
With the addition of time resolved spectroscopic observations, in particular radial velocity 
curves representative of the white dwarfs motion, a full dimensional analysis and 
dynamical solution for the system may be achievable (eg. Kaitchuck et al. 1983, Penning 
et al. 1984, Downes et al. 1986, and Shafter et al. 1988). In addition, the emission line 
eclipses have been studied to determine the spatial distribution of the various components 
to the optical emission, line and continuum. For example the high excitation region is 
often centrally located in the disk (Downes et al. 1986, Watts et al. 1986), or an optically 
thin region of line emission may exist above the disk plane near the inner region of the 
disk (Honeycutt, Schlegel and Kaitchuck 1986). In recent times much effort has gone 
into deriving the brightness, and hence temperature distributions, in accretion disks using 
Home's (1985) maximum entropy disk image reconstruction technique (Home and 
Steining 1983, ODonoghue, Fairall and Warner 1987, Warner and O'Donoghue 1987, 
1988). Alternatively, fitting of synthetic eclipse curves to observations has also been 
used (Zhang et al. 1986). Approximately 26 eclipsing CVs have so far been identified 
(Ritter 1984, Downes et al. 1986, Warner and Cropper 1984), of which about half have 
been detected as X-ray sources. Amongst the entire sample of CVs observed by the 
Einstein satellite, ~70% were found to be X-ray emitters (eg. Raymond and Patterson 
1985).
X-ray emission in CVs occurs in different regimes, determined by the strength of the 
magnetic field of the accreting white dwarf, namely weak (BclO^ G) and strong (B>107 
G) fields. In the former, the accretion disk is thought to extend all the way to the surface 
of the white dwarf, where a boundary layer is formed and the kinetic energy of the 
accreting matter is released via shocks or viscous dissipation (Tylenda 1981). Some gas 
in this region expands above the disk plane forming a hot, optically thin ’corona’, which 
cools by thermal brems Strahlung emission with a characteristic temperature of 5-8 keV 
(Cordova and Mason 1984). The hard X-ray properties (eg. Mason 1985), and the 
correlation of X-ray and optical parameters (Patterson and Raymond 1985) support the 
above model for systems with low accretion rates (<1016 g s '1). For increased rates of
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accretion (>1016 g s*1), the cooling timescale is less than the timescale for adiabatic 
expansion, which results in heating of the disk material and surface layers of the white 
dwarf, which radiates as a black-body, primarily in the EUV region ( Cordova and 
Mason 1984, Mason 1985). The soft X-ray flux seen in some CVs (eg. SS Cyg and U 
Gem) and characterised by a black-body of ~10eV has been interpreted as the tail of the 
EUV distribution (Patterson and Raymond 1985, Mason 1985). Because of 
inefficiencies in producing a boundary layer corona, the total fraction of accretion energy 
released in hard X-rays is quite low (Cordova and Mason 1984), leading to X-ray to 
optical luminosity ratios ( Lx/L0pt ) of ~ 1 for quiescent dwarf novae (low h ), and £ 
0.06 for dwarf novae in outburst (high fi). For CVs in which the magnetic field 
pressure overwhelms the gas ram pressure in the disk, the accretion disk may be 
disrupted partially or completely. The gas is then channelled along the field lines onto a 
confined region of the white dwarfs surface; its polecap or auroral zone. The X-ray 
characteristics of the 'magnetic variables', which include the synchronously rotating AM 
Her systems (or polars) and the asynchronous DQ Her systems (intermediate polars), are 
quite different from the weak field CVs. Both exhibit hard (>10 keV) X-ray 
bremsstrahlung emission, with a Lx/Lopt £ 1, and as high as 10. The AM Her binaries 
have an additional soft black-body component with a characteristic temperature of 
20-40eV, which has been explained as reprocessing of bremsstrahlung and cyclotron 
emission from the accretion column, at the surface of the white dwarf (Lamb 1983).
In this chapter we report the discovery of a bright eclipsing CV, which we identify as 
the optical counterpart to a transient X-ray source. We show that the X-ray and optical 
properties point to a possible classification as a magnetic system. A spectroscopic and 
photometric study is undertaken in which we derive a dynamical solution for the system.
9.2 Identification and X-ray Observations
LB 1800 (Luyten and Anderson 1958; a  = 06 08 42, 5 = -49 00 00) was discovered 
serendipitously to be a cataclysmic variable via a low resolution (~10A) spectrum 
obtained using the Cassegrain spectrograph on the Mt. Stromlo 1.88m telescope on 1986 
February 14. The fluxed discovery spectrum is shown in Figure 9.1a, and is seen to 
exhibit the typical characteristics of a cataclysmic variable, namely Balmer and helium 
emission lines on a blue continuum. Another low resolution spectrum of the object, 
extending the spectral coverage into the red (~l|im; AX, ~20Ä) was obtained in 1986 July 
on the 3.9m Anglo-Australian Telescope using the IPCS and FORS. The red spectrum 
shows some weak disk emission lines of the hydrogen Paschen series, but no evidence 
of secondary absorption features. The combined IPCS / FORS spectrum is shown in 
Figure 9.1b. The emission line parameters for this spectrum are given in Table 9.1. 
From our fluxed A AT spectrum we estimate the 5000-6000Ä continuum flux to be 1.19 
±0.1 x 10'11 ergs cm*2 s*1
The newly identified CV coincides with the error box for the Uhuru X-ray source
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Figure 9.1a Discovery spectrum of LB1800 taken on 1986 February 12 on the 1.9 
m telescope at MSO.
Figure 9.1b The combined IPCS and FORS spectrum of LB 1800 taken 1986 July.
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TABLE 9.1
Emission Line Parameters for LB1800
Line Intensity E .W . (Ä) Sigm a (Ä)
H8 7.3 ± 0.8 x 10-14 5.9 ± 0.6 5.5 ±0.6
H5 2.0 ± 0.1 x 10-13 16.2± 1.1 14.4± 1.0
Hy 1.4910.08 x 10-13 12.2 ± 0.7 9.3 ±0.6
He 1X4471 4.4 ± 0.8 x 10-14 3.6 ± 0.6 7.7 ± 1.5
cm -Nm 6.6 ± 0.9 x IO-14 5.7 ± 0.8 12.7 ±2.0
HeIlX4686 1.9 ± 0.1 x IO-'3 16.7 ±0.9 14.4 ±0.9
Hß 1.96 ±0.06 x IO-I3 17.0 ±0.6 8.1 ± 0.3
H a 3.2910.04 x 10-13 35.9 ± 0.4 13.4± 0.2
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4U0608-49 (Forman et al. 1978), whose 2-10 keV flux is 7.4 x 10*11 ergs cm*2 S'1, 
assuming a Crab-like spectrum. The HEAO-1 Large Area Sky Survey (LASS; Wood et 
al. 1984), which represents a more sensitive view of the X-ray sky from the first celestial 
scan by HEAO-1, does not include a detection near the position for LB 1800 or 
4U0608-49. The 3a upper limit from the LASS experiment is approximately 1 x 10*11 
ergs cm*2 s*1, indicating that 4U0608-49 is a nigh-latitude (b -  -27°) transient. We have 
investigated the second and third celestial scans by HEAO-1, examining the observations 
of both LASS and the Scanning Modulation Collimator, or MC (Gursky et al. 1978). In 
each analysis, the source transits were superposed and fit for a single point-like X-ray 
source, as described by Remillard et al. (1986). During the second HEAO-1 scan of the 
Uhuru position (1978 March 16 - 25), the X-ray source was again visible, with an 
estimated flux of 5 x 10-11 ergs cm-2 s '1 in the 2-10 keV band. The LASS detection has a 
statistical significance of ~5a, while the MC result is 2.8a and 3.4a for the two 
collimators, MCI and MC2 for the full range of sensitivity (1-13 keV). Figure 9.2 
shows the Uhuru error box, the line of position derived from our analysis of the LASS 
observations during the second HEAO-1 scan, and error diamonds produced by the 
intersection of the MCI and MC2 transmission bands during the same period. The newly 
identified CV is located within each of these positional constraints. Since there is an 
insignificant probability that such a bright CV would be found by chance within the 
allowed X-ray positions, we conclude that LB 1800 is the optical counterpart of this 
transient X-ray source.
Adopting the above X-ray and optical fluxes leads to a ratio of Fx (2-10 keV) / Fopt 
(5000-6000Ä) of ~4, although these were obviously not simultaneous measurements. 
This value is certainly quite high for a normal CV, although common for magnetic CVs. 
Classification of LB 1800 as a magnetic system is supported by the presence of strong 
HeII>*4686 emission.
9.3 Spectropolarimetry
A brief spectropolarimetric measurement of LB 1800 was conducted on the A AT on 
1988 March 26. The results indicate that the circular polarization from -Ä.3400 to the 
H-band (~1.6 Jim) was less than 0.5%, thus ruling out classification of LB 1800 as an 
AM Herculis system, as was expected from the eclipse behaviour (§9.7)
9.4 Radial Velocity Measurements
After the identification of LB 1800 as a new cataclysmic binary, time resolved 
spectroscopy of the object was obtained at the first available opportunity. These 
observations were conducted on 1987 January 27 from -9  to 16.3 hours U.T. using the 
Cassegrain spectrograph on the Mt. Stromlo 1.88 m telescope. Observations in the 
region XX3937-5000 were obtained at a reciprocal dispersion of ~10 A mm*1. The
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Figure 9.2 Map showing the cataclysmic variable (CV) LB 1800 and the allowed 
X-ray positions from the HEAO MC (diamonds), the HEAO LASS 
(dashed lines) and Uhuru (solid line).
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detector employed was the two dimensional Photon Counting Array (PCA; see Chapter 5 
for details). Further observations using the same system were also obtained on 1988 
January 24 from ~10.5 to 18 U.T.
The aim of these observations was to investigate the radial velocity and emission line 
profile variations of the various emission line species. We utilized several methods in 
order to determine reliable velocities (these are well covered in Chapters 7 & 8): the 
cross-correlation, Gaussian profile fitting and Gaussian filter techniques (the latter based 
on the method of Schneider and Young 1980). The two separate nights were analysed 
independently. In Figures 9.3a , 9.3b and 9.3c we present the radial velocity variations 
measured using the cross correlation method and show the best least-squares single-sine 
fit to the data. The templates used in this technique were generally chosen to be the 
highest individual signal to noise spectrum of the set. For the 1987 January 27 spectra, 
the choice of template had little effect upon the final radial velocity measurements. 
However for the 1988 January 24 data, changing the template spectrum resulted in 
systematically different velocities around inferior conjunction of the accretion disk. This 
is the orbital phase when the accretion disk is predicted to be eclipsed, if the inclination is 
great enough. Before our photometric observations (§ 9.7) confirmed LB 1800 to be a 
deep eclipsing CV, our spectroscopic data from the first run (1987 January) had led us to 
conclude as much due to the dramatic intensity decrease for a period of -  1 h. The effect 
of the eclipse can be seen in Figures 9.3b and 9.3c, and in the former the departure of the 
velocities from the sinusoidal variation is due to the rotational distortion as the leading 
and trailing edges of the disk are alternately eclipsed and uncovered (eg. Young and 
Schneider 1980). This effect is quite dramatic in the greyscale plot of the consecutively 
stacked spectra (similar to the old-style 'trailed' spectrograms) shown in Figure 9.4.
The radial veloctiy curve parameters derived in this section are presented in Table 9.2. 
We note that at the time of the first spectroscopic observations (1987 Jan) there was no a 
priori knowledge of the orbital period; however the best fit value of 5.34 ± 0.44 h was 
later found to be consistent with the photometrically derived period (§ 9.5).
Once the orbital period had been accurately determined, all of the spectroscopic data 
were binned into approximately 10 equally spaced orbital phase bins. In Figure 9.5 we 
show these ten binned spectra. These higher signal to noise data were then re-analysed 
using both the Gaussian profile fitting technique and the wing sensitive Gaussian filter 
method. The results indicate that, surprisingly, the radial velocity curves showed little in 
the way of complexities associated with either different line excitation or the position in 
the line where the velocity determination is weighted. As an example, we show in Figure 
9.6a the radial velocity curves derived from Gaussian fits to the Hell X4686 and Hß 
lines, which are quite similar apart from a y-velocity difference. Similarly in Figure 9.6b, 
the radial velocity curves derived from different positions in the line wings of Hy are 
comparable, and do not show the typical variation of K-velocity with position (eg. 
Shafter, Szkody and Thorstensen 1986).
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Figure 9.3a R adial velocities o f LB 1800 on 1987 Jan 27 derived  from  the 
cross-correlation method. A single sine fit is also shown.
Figure 9.3b R ad ial velocities o f L B 1800 on 1988 Jan 24 derived  from  the 
cross-correlation method. A single sine fit is also shown.
Figure 9.3b R adial velocities o f LB 1800 on 1988 Jan 24 derived  from  the 
cross-correlation method, using a different template from  the above. A 
single sine fit is also shown.
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Figure 9.4 Greyscale plot of consecutive spectra taken on 1988 Jan 24.
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TABLE 9.2
Cross Correlation Radial Velocity Parameters
Date KCkms’1) <}>(U.T.)
1987 Jan 27 136 ±80 17.3 ± 0.05
1988 Jan 24 152 ±51 16.95 ± 0.08
Period (h)
5.34 ± 0.44 
5.11 ±0.49
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Figure 9.5 Spectra of LB 1800 obtained on 1988 Jan 24 binned over the 5.566 h 
orbital period.
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Figure 9.6a Radial velocity variations of the Heü^.4686 line in the binned spectra; 
1988 Jan 24.
Figure 9.6b Radial velocity variations of the Hß line in the binned spectra; 1988 Jan 
24. Derived using Gaussian Filter method (see text), with filter 
separations of 15, 20, 25, 30, 35 and 40 A .
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9.5 Spectral Variations
The structure of the lines themselves deserve comment. While the emission lines do 
exhibit temporal variations in their structure, including evidence of asymmetry, the 
persistent double-peaked structure which typifies high inclination CVs is absent in our 
spectra. Lack of such structure has also been observed in the eclipsing system 
PG1012-029 (Honeycutt, Schlegel and Kaitchuck 1986), as well as the absence of any 
S-wave. This is somewhat surprising since Penning et al. (1984) have shown that a 
hot-spot is present in the system, which contributes as much as 40% to the high 
excitation line emission and significantly to the continuum intensity. Double peaked 
profiles are seen in LB 1800 at certain phases, particularly near eclipse (inferior 
conjunction). On careful examination of the Balmer emission lines, it is apparent that this 
is due to an absorption self reversal which increases in strength for the higher series, 
implying an opacity effect. As an example, He shows an absorpdon core which reaches 
just below the continuum immediately before the eclipse (Bin 4 in Figure 9.5). We note 
that the Balmer decrement for LB 1800 is relatively flat, with H a / Hß = 1.7, indicating 
high optical depths in the lines. In the above respects LB 1800 is reminiscent of 
KPD1911+1212 (Downes et al. 1986).
9.6 Line Profile Variations
Individual emission line parameter variations can in principle provide spatial 
information regarding the low excitation and high excitation region of the accretion disk 
in a CV. The Balmer emission series and lines of Hell respectively, are the usual 
diagnostics for these regions. In many CVs there is ample evidence (often dynamical) 
that the Hell emission is produced in the inner disk regions. For example, the complete 
disappearance of the high excitation lines of Hell k4686 and CIII-NIII k4640-4650 in 
KPD1911+1212 during eclipse led Downes et al. (1986) to this conclusion. They also 
showed that the increased line equivalent widths of the lower excitation lines could be 
explained in terms of a more complete eclipse of the continuum region in comparison to 
the low excitation line region. In general most accretion disk models predict a more 
centrally confined optically thick, continuum emitting region in comparison to the 
optically thin region. This has to some extent been contradicted by observations that 
indicate that the radial extent of the line emitting region is less than for the continuum. 
For example in PG 1012-029, Honeycutt, Schlegel and Kaitchuck (1986) have shown 
from observations of line intensity variations that the high and low excitation region may 
be extended in the vertical direction (ie orthogonal to the disk), while still remaining 
centrally located. They invoke a bipolar wind model to explain the extension.
In Figures 9.7 to 9.9 the variations of the line intensity, sigma and equivalent width 
parameters for HeII\4686 and Hß are presented for the spectra taken on 1988 January 
24. These results indicate that the lines become both weaker and narrower during
9-19
Figure 9.7a 
Figure 9.7b
Line intensity variations for the line Helß.4686 on 1988 Jan 24.
Line intensity variations for the line Hß on 1988 Jan 24.
9-20
L
in
e 
In
te
n
si
ty
LB1800: 1988 Jan  2 4 , Hell
Tim e (U.T.)
\  Q
CP CD
Tim e (U.T.)
9-21
Figure 9.8a Sigma variations for the line HeIlX4686 on 1988 Jan 24.
Figure 9.8b Sigma variations for the line Hß on 1988 Jan 24.
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Figure 9.9a 
Figure 9.9b
Equivalent width variations for the line HeIlX4686 on 1988 Jan 24. 
Equivalent width variations for the line Hß on 1988 Jan 24.
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eclipse. However, the equivalent widths are seen to be roughly unchanged, except for a 
possible increase in Hß at mid-eclipse, although the data here are quite noisy. The 
eclipse widths are the same for both lines, and interestingly, are also identical to the 
continuum eclipse widths derived from broad band photometry (§ 9.7).
9.7 Photometry
Following the spectroscopic identification of LB 1800 as a CV, a search for eclipses 
and other variability was undertaken during 1987 February to March. The photometry 
was obtained at two observing sites, Mt. John University Observatory and Siding Spring 
Observatory (SSO). The former observations employed a high-speed two channel 
photometer, operating in white light, on a 0.6m Cassegrain reflector. The second 
channel of the photometer monitored a nearby comparison star. In Figures 9.10a and 
9.10b we show representative light curves spanning eclipses observed on 1987 February 
10 and 21. The low level variability seen in these light curves is confirmed to be intrinsic 
to the system. On 1987 February 27 LB 1800 was observed in the UBVRI system on the 
2.3 m telescope at SSO using a chopping photometer. The data reduced to the standard 
Kron-Cousins system are displayed in both magnitudes and colors in Figure 9.11. These 
observations confirmed LB 1800 to be a deep eclipsing CV with AB ~ 3m.
The general morphology of the light curve is similar to other high excitation eclipsing 
CVs. In particular, the smoothly varying, round-bottomed, asymmetric eclipse is a 
characteristic of nova-like variables, old novae and dwarf novae in outburst (Home 1985, 
Shafter, Hessman and Zhang 1988). The asymmetric behaviour is thought to be due to 
the presence of a secondary source of intensity which is also eclipsed, and is usually 
attributed to the disk hot-spot (eg. Penning et al. 1984). We have followed a similar 
analysis to these authors, and have shown that the eclipse of LB 1800 can be deconvolved 
into two components; the eclipse of the accretion disk itself and then of the hot-spot later 
in time. In Figure 9.12 we show the results of this procedure.
9.8 Period Determination and Ephemeris
In Table 9.3 we show the times of minima derived from the photometry conducted in 
1987 January and February. We determined the linear ephemeris, starting with the 
spectroscopically determined period. The ephemeris is :
HJD min = 2446836.9609 ± 0.0007 + (0.231928 ± 0.000042) E
and the photometrically determined orbital period is therefore 5.566 ± 0.001 h. The 
residuals for the above ephemeris are also included in Table 9.3.
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Figure 9.10a
Figure 9.10b
Eclipse light curve of LB 1800 observed at Mt. John University 
Observatory in white light on 1987 February 10.
Eclipse light curve of LB 1800 observed at Mt. John University 
Observatory in white light on 1987 February 21.
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Figure 9.11 UBVRI eclipse light curve of LB1800 observed at SSO on 1987 
February 27.
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TABLE 9.3
Times of Minima
Date HJD O-C Cycles
1987 Feb 9 6836.0379 0.0035 -4
1987 Feb 10 6836.9621 0.0000 0
1987 Feb 19 6846.0059 -0.0014 39
1987 Feb 20 6846.9333 -0.0017 43
1987 Feb 21 6848.0930 -0.0016 48
1987 Feb 23 6849.9500 0.0000 56
1987 Feb 25 6852.0373 -0.0001 65
1987 Feb 26 6852.9651 0.0000 69
1987 Feb 28 6855.0533 0.0011 78
1987 Mar 5 6859.9230 0.0001 99
1987 Mar 6 6861.0828 0.0002 104
1987 Mar 8 6862.9383 0.0003 112
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IFigure 9.12 Deconvolved light curve of LB 1800 showing the accretion disk and 
hot-spot components.
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9.9 Model and Dynamical Solution
We firstly derive an estimate of the mass function for LB 1800 based upon the 5.566h 
period and K-velocity of 134 km s' 1 of 5.8 ± 1.5 x 10' 2 Mq. In Figure 9.13a we 
present the diagnostic mass-mass diagram for these parameters, and show the constant 
inclination contours for / = 70°, 80° and 90°. Upper limits for the white dwarfs mass 
are derived for various assumed secondary star masses. The empirical mass-period 
relations of Faulkner (1971) and Patterson (1984) imply secondary star masses in the 
range 0.56 to 0.62 MG.
From Kepler's law, and the assumption that the secondary star fills its Roche lobe, 
we have:
We also invoke Patterson's (1984) relation for the ratio of the secondary radius to the 
orbital separation:
Rs
a
0.462
q+  1
V3
J P [9.2]
We also use the scaled radius formula (eg. Penning et al. 1984) which relates the 
mean radius of the secondary star, Rs, and the star' separation, a, to the orbital 
inclination, /, and the half-width half-depth of the eclipse, 61/2 (= 0.052 ± 0.002):
Finally, on substitution, following Downes et al. (1986), the following relation is 
obtained:
[  0.462 ( ~ ;~y )  ]  ß2 = cos2/ + sin*7 s in^m })^) [9.4]
In Figure 9.13b we plot the values of both the left and right sides of the expression 
(Functions A & B in Figure 9.13b) as a function of orbital inclination, where we have 
assumed ß * 1 (Patterson 1984), = 134 km s' 1 and P = 5.566 h. The left hand side of
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Figure 9.13a
Figure 9.13b
Diagnostic mass-mass diagram, derived from the mass function, under 
the assumption that P = 5.566 h and K = 134 km s_1. The three contours 
are for inclinations 70, 80 and 90 degrees, from top down.
Diagnostic diagram, derived from the mass function and eclipse 
condition, under the assumption that P = 5.566 h and K = 134 km s_1 
and <t>i/2= 0.052 (see text).
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equation 9.4 is a function of orbital inclination, since from the formula for the mass 
function, we have:
which is only dependent upon i and Ms, given that the others are constant.
The left hand side of equation [9.4] is referred to as the eclipse constraint curve, since 
it is only dependent upon the width (j)^. The intersections of this curve with the constant 
mass contours derived from equations 9.4 and 9.5 represent the allowable combinations 
of the parameters i and Ms, for the observed values of Kj and P. The two contours at Ms 
= 0.56Mo and 0.63Mo are the values of the secondary mass as derived from Faulkner 
(1971) and Patterson (1984).- Since the system shows deep eclipses, we have i £ 60°, 
which from the mass function (Figure 9.13a) constrains Ms £ 0.7 M0 for Mj £ 1.44 
M0 . This in turn defines the upper limit for i as ~ 75° using Figure 9.13b.
9.10 Summary and Conclusion
We have shown that the optical counterpart to the transient FIE AO-1 source 
4U0608-490 is the newly identified bright eclipsing cataclysmic variable, LB 1800. This 
CV exhibits strong emission lines of the high excitation species Hell X4686 and 
CIII-NIII ÄA4640-4650, with strengths characteristic of magnetic variables, the 
classification of which is possibly supported by a large Lx / Lopt. The system has an 
orbital period of ~5.6 h, making it the fifth longest period eclipsing CV (eg. Ritter 1984). 
The eclipses are very deep (~3m in B) and cause a severe rotational distortion in the 
emission lines. The eclipse curve widths of both the continuum and line emission are 
equal, indicating that the regions responsible for these have the same radial extent. An 
absorption effect is the probable explanation for the observed line splitting at certain 
phases. These observations may indicate the presence of an optically thick disk 
overlayed with an optically thin atmosphere.
The dynamical and eclipse solutions for LB 1800 indicate that the inclination is 
probably in the region 70-75° for sensible masses of the components. The intriguing 
possibility that LB 1800 might be a DQ Her system could be resolved in the future by 
searching for evidence of coherent pulsations in the light curves. Last, we note that a 
detailed account of this work will appear in Buckley et al (1989) and Buckley and 
Sullivan (1989).
[9.5]
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CHAPTER 10
Conclusions and Outlook
10.1 Major Results
In this section a summary is presented of the major results reported in this thesis. 
Because of the nature of the optical identification program, in particular the diversity of the 
various classes of X-ray source optical counterparts, this thesis is necessarily to some 
extent disjoint, covering essentially un-connected objects. However, the main thrust of 
this research has been the study of the Galactic sources, of which the cataclysmic variables 
(CVs), RS CVn stars and Be stars make up the vast majority of the weak HEAO-1 
identifications. Most of the detailed astrophysics reported in this thesis deals with three 
CVs; 1H0542-407, H0534-581 and LB1800 (4U0606-49), and is reported in Chapters 6, 
7, 8 & 9.
In the case of 1H0542-407, the X-ray and optical observations, confirm the system to 
be a long period DQ Herculis magnetic variable (or intermediate polar), with a white dwarf 
spin period of 1911 s (Chapters 7 & 6). The dominant photometric period occurs at the 
orbital sideband, or beat, period ( P s p i n ' 1  - Porb"1)’1 which is ~2106 s. A model for the 
system is developed in which the beamed X-ray emission from the accretion column, or 
curtain, is reprocessed in the atmosphere of the secondary star, and also possibly the 
accretion disk hot-spot. The dominance of the sideband period for the harder (2-10 keV) 
X-rays is explained as a result of diffuse reflection of X-ray photons at the reprocessing 
site (the secondary atmosphere).
A common feature of DQ Her stars is the marked energy dependent spin modulation 
of the X-rays, which is also seen in 1H0542-407, and is attributed to opacity variations of 
a rotating accretion curtain. This predominantly affects the lower energy X-rays (£ 2  
keV) due to the importance of photoionization opacity. The dominance of the sideband 
optical period is partly a consequence of the system's low inclination ( i £ 25°), as derived 
from the dynamical solution for the system. Our adopted model for 1H0542-407 includes 
a partially disrupted accretion disk, whose relative dimensions are constrained by the 
width and shape of the broad emission components of the Balmer lines, produced by the 
disk, plus the spin modulated velocity amplitude. This spin modulation of the line 
velocity, we conclude, is produced within the magnetosphere of the white dwarf rather 
than futher out in the disk. A good agreement is seen between the model predictions and 
the observations of the observed optical to IR flux distribution (~AA3000 - 23000).
For H0534-581 (Chapter 8), the two derived spectroscopic periods of 2.1 and 6.5 h 
are interpreted as the spin and orbital periods, thus also leading to the classification of the 
system as a DQ Her binary, with the longest spin, and possibly orbital, period(s). The 
X-ray data r less convincing, however, although show the expected energy
dependent modulation over the 2.1 h period, although at a lower level (< 36%). The 
orbital inclination of the system is < 40°. The complicated spin modulated velocity
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variations have been explained either in terms of flows within the magnetosphere, or two 
opposite co-rotaring accretion funnels.
A transient X-ray source, first observed by Uhuru (4U0608-49), and seen in some of 
the HEAO-1 scans has been identified with a newly discovered, long period (—5.6 h), 
bright (V ~ 13.5), deep eclipsing (AV -  2.5m) cataclysmic variable LB1800 (Chapter 9). 
This system has a likely inclination of 70° - 75° based on the eclipse width, period and 
K-velocity. The line profiles are not characteristically double peaked, but at times do 
show a wavelength dependent absorption reversal, typical of an opacity effect. 
Simultaneous analysis of continuum and emission line eclipses indicate that the 
continuum, low excitation and high excitation regions are all spatially extended in the 
radial direction by the same amount, perhaps indicative of an optically thick disk with an 
overlying optically thinner atmosphere.
The discovery of several bright chromospherically active stars (Chapter 5) as transient 
HEAO-1 X-ray sources confirms the notion that many high latitude transients may be 
associated with such close, RS CVn-like stars. We have shown that the usually high 
surface flux in the Ca IIH and K lines is still insufficient to explain the level of the 2-10 
keV flux, if it is assumed to be quiescent coronal emission, based on the current empirical 
correlations. The hardness and variabiltiy of many such sources indicate that the X-rays 
are probably produced in frequent flares.
10.2 Status of the HEAO-1 Identification Project and its Future
The current staus of the MIT-CfA-ANU collaboration, in terms of the number of new 
identifications of X-ray source optical counterpans following from the HEAO-1 MC are as 
follows (as at 1988 September):
Galactic Sources:
Cataclysmic Variables 
Probable Be X-ray Binaries 
RS CVn and related systems 
Low Mass X-ray Binaries
Extra-galactic Sources:
Active Galactic Nuclei 
BL Lacertae objects 
Galaxy Clusters
10
14
13
2
41 (32 Seyfert I, 9 QSOs)
5
7
This gives a total of 92 identifications with previously anonymous objects (ie an 
unknown class) in the period 1982 to 1988, taking the number of identified HEAO-1 
sources to 487. This compares with the 693 sources optically identified in the Einstein 
Medium Sensitivity Survey (Gioia et al. 1988), which covered ~2% of the sky in the 
energy range 0.3 to 3.5 keV. The imaging telescope on EXOSAT (LEI; sensitive from
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0.05 - 2 keV) found another 505 new, serendipitous sources during its lifetime, with a 
total sky coverage of ~5% (Giommi, Tagliaferri and Angelini 1988). The majority of 
these were stars (381) since the instrument was sensitive to softer energies.
Of the 337 flux limited HEAO-1 sources at Ibl > 20°, 120 have yet to be optically 
identified. Based on the current success rate of ~70-80%, it is expected that a total of 
~290 sources above this latitude will eventuaually be identified. This compares to the 
Piccinotti et al. (1982) survey of 85 sources. It is predicted that by the completion of the 
collaboration > 600 HEAO-1 sources will have been optically identified. Clearly this 
sample will be of great value to astronomers in all fields, and will enable meaningful 
statistical analyses to be made of the various classes of sources.
To date the HEAO-1 collaboration has been most successful in identifying new optical 
counterparts, many of which are intrinsically extremely important objects. The outlook 
for this project can therefore only be described as highly optimistic.
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